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1
MULTIPOINT-TO-FOINT COMMUNICATION
USING ORTHOGONAIL FREQUERCY
MVISION MULTIPLEXING

CROSS REFERENCE TO RELATED CASES

This application is a contirmation of apphication Ser. No.
11/420,851 filed on May 30, 2006, entitled “DYNAWIC
BANDWIDTII ALLOCATION" (currently pending), which
is a divisional of application Ser. No. 09/003,273 filed Jul. 11,
2001, entitled “DYNAMIC BANDWIDTH A1l LOCATION™
{now T.S. Pat. No. 7,069,577), which is a coniinuation of
application Ser. No. 09/397,443, filed Sep, 15, 1999, entitled
“DYNAMIC BANDWIDTI ALLOCATION" (now 1.8,
Pat. No. 6,279,158, which is a divisional of 118, application
Ser. No. 08/673,002 filed Jun 28, 1996 (now U.S. Pat. No.
6,334,219)which is a continuation-in-parl of 11.8. application
Ser. Mo. 08/650,408 filed May 20, 1996 (abandoned), Ser. No.
08/457,295 filed Tun. 1, 1995 (abandoned), Ser. No. 08/457,
317 filed Jun. 1, 1995 (abandoned}, and Scr. No. 08/384,659
filed Febh. 6, 1995 {abandcned) whose applications are incor-
porated heren by reference.

This applicalion is related io U.S. application Ser. No.
(8/311,964 filed Scp. 26, 1994 {abandoned), Ser. No. 08/455,
340 hled May 31, 1995 (abandoned), Ser. No. 08/455,059
filed May 31, 1995 (abandoned), Scr. No. 08/457,294 filed
Jun. i, 1995 (sbandoned), Ser. No. 08/457,110 filed Jun. 1,
1995 (abandoned), Ser. No. 08/456,871 filed Jun. i, 1995
{abandoned), Scr. No. 08/457,022 filed Jun. 1, 1995 (aban-
doped), and 08/457,037 fled Jun, 1, 1995 (abandoned),
whose applications are incorporaled herein by reference,

BACKGROUND

Information services fourd in honseholds and businesses
taday include television {or video) services and telephone
services. Another information scrvice involves digital data
transfer which is most frequently accomplished vsing a
modem connecled o a lelephone service. All further refer-
ences to telephony herein shall include both telephone ser-
vices and digital data transfer service.

Characteristics ol telephony and video signals arc different
and (herefore telephony aml video nelworks are desipned
differently as well. For example, telephony inlormation occu-
pies a relatively narow band when compared fo the band-
width for video signals. In addition, lelephony signals are low

-frequency whereas NTSC standard video sipnals are trans-
mitled 2t carrier frequencies preater than 50 MHz. Accord-
ingly, telephone transmission nctworks are relatively namrow
band systems which operate at audio frequencies and which
typically serve the customer by twisled wire drops from a
curb-side junction box. On (he other hand, cable television
services are broad band and incorporate various frequency
carfer mixing methods to achieve signals compatible with
cenveniional very high [requency felevision receivers. Cable
television systems or video services are fypically provided by
cable television companies through a shielded cable service
connection to cach individual home or business,

Omne atlempt to combine telephony and video services into
a single network is described in U.S. Pat. No. 4,977,593 to
Bulance cnliticd “Oplical Communications Network” Bal-
ance describes # passive optical communications network
with an optical source located n a central slation. The optical
source lrumsmits time division multiplexed optical signals
along an oplical fiber and which signals are later split by a
series of splitfers between several individual [ibers scrvicing
outstations. The network atlows lor digital speech data to be
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transmitted from the outstations to the cendral station via the
same optical path. In addition, Balance indicates that addi-
tional wavelengths could be utilized to add services, such as
cable television, via digital multiplex to the network.

A 1988 NCTA technical paper, entitled “Fiber Backbone:
A Proposal For an Evolutionary Cable TV netwark Archilec-
fure,” by James A. Chiddix and David M. Pangrac, describes
a hybrid oplical fiber/coaxial cable television (CATY) syslem
architccture. The archilecture builds upon existing coaxial
CATY networks. The architecture incindes the use of a direct
oplical fiber path from a head end to & number of feed points
in an already existing CATV distribution system,

U.S. Pat. No. 5,153,763 to Pidgeon, entitled “CATV Dis-
tribution Networks Usinp, Light Wave Transmission Lines,”
deseribes a CATV netwark Jor distribulion of broad band,
multichanne} CATV signats from 4 head end to a plurality of
subscribers. Elcctrical 1o optical transmifters af ihe head end
and opfical fo electrical roceivers af a fiber node Jaunch and
receive optical signals corresponding to broad band CATV
electrical signals. Distribution from the fiber nede is obtained
by transmitting clecirical signals along coaxial cable (rans-
mission lines. The system reduces distartion of the transmat-
icd broad band CATY signzls by block conversion ol all or
part of the broad band of CATV signals to a frequency range
which is less than zn octave, Related 11.8. Pat. No. 5,262,883
fo Pidgeon, entiffed “CATV Distribution Metworks Using
Light Wave Transmission Lines,” further describes the dis-
tortion reducing system.

Although the above-mentioned networks describe various
concepts for transmitiing broad band video signals over vari-
qus architectures, which may include hybrid oplical fiber/
coax archiieclures, none of these references describe a cosi
effective, Mexible, communications system for tclephony
coinmunications. Several prablems are inherent in such a
communicalion systen.

One such problem is the need fo opiimize the bandwidth
used for transporting, data so that the bandwidth used does not
exceed Lhe allotted bandwidth. Bandwidth requirements are
particularly crifical in multi-point to point communication
where multipie transmiticrs at remole units must be accom-
modated such that aflotted handwidth is not exceeded,

A second problem involves power consomption of the sys-
tem. The conununication system should minimize the power
used af the remote units for (he lransport of dala, as the
oquipmenl ulilized at the remote vnits for transmission and
reception may be suppiied by power disiributed over the
lransmission medinm of the system.

Another preblem arises from a fanlt in Lhe systern prevent-
ing communication befween 2 head end and multiple remote
units of a multi-point to poinl system. For example, a cut
transmission fine from a head end to many remote units may
leave many users withoul service. Afler the fanl is correcled,
itis important to bring as many remote vnits back into service
as quickly as possible.

Dalta iniegrity must #lso he addressed, Both intemal and
exiernal inlerfercnce can degrade the communication. Inter-
nal imerference cxists between dala sipnals beiny trunsporied
over the system. ‘Phat is, tropsporfed data sipnals over a com-
mon communicalion hink may experdence interference there
befween, decressing the integrity of the data, Ingress from
extemnal sources can also effect the integrity of data transmis-
sions. A telephony communication nelwork is susceptible o
“noise” generated by external sources, such as HAM radio.
Because such noise can be intenmittent and vary in intensity,
a method of transporting data over the system should correct
or avoid the presence of such ingress.
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These problems, and others as will become apparent [rom
the description to [otlow, present a nced for an enhanced
communication system. Moreover, once the enhanced system
is described, a number of practicat problems in its physical
realizalion are presented and overcome.

Another embodiment provides a method apd apparatus for
a [asl Fourier transform (FIFT). This invention relates fo the
ficld ol clecironic communication systems, and more specifi-
caily to an improved method and apparats for providing an
FIT.

There are many advanced digital signal-processing apphi-
cations requiring anatysis of large quantities of data in short
time periods, especially where Lhere is intcrest in providing
“reat time” resulls. Such applications include sipnal process-
ing in madems which use OFDM {orthogonal frequency divi-
sion multiplexing). 1n oder to be uselul in these and other
applications, Discrete Fourier Transform (DF1) or FFT sig-
na} processors must accommodate Jarpe numbers of trans-
forms, or amonnts of data, in very short processing times,
afien called high data throughput.

Tn additicn to the speed and data-thronghput requirements,
power consnmplion is a major concern for many applications.
In some signal-processing applicalions, power js supplied by
portable generstion or storage cquipment, such as batterjes,
where (he ultimate power available is limited by many envi-
ronment. In such applicalions, processor power consumption
must be as jow as possible. One vseful measure ol utility or
ment for FET processors is Tae energy dissipation per trans-
Jorm peint. Ulimately, one key problem with any FFT pro-
cessor is the amount of power consimed pet ransform. Gen-
erally, high-performance, efficient FF1 processors cxhibil
cnergy dissipations per transform in the range of 100 to 1000
times }og,N nanojcules, where N is the number of points in a
given lransform. As a consequence, reasonably large trans-
Torms required 1o process large armays of data, resul{ in large
power consumption.

Macline-implemented compulalion of an FFT is often
sinplified by cascading logelher a scrics of simple multiply-
and-2dd stages. When a recursive process is used, data ciren-
lates through a single stage and the computational structurc of
the stage is made variable for each circulalion. Each circula-
tion through the stage is referred to as a “pass.”

A plarality of computational elements, each known as a
radix-r butterfly, may be assemtled to define a single stage for
carrying oul a particular pass. A radix-r butterfly receives r
input signals and produces a corresponding nuimber of r aul-
put signals, where each output signal is the weighted som of
ther input signals. The radix number, r, in cssence, defines the
number ol inpul compoenenis which contritute o each output
component.

By way of example, a radix-2 buttezrlly reccives two input
signals and produces two outpuf siguals. Each output signat is
the weighted sum of the hwo input signals. A radix-4 butlerfly
receives four input signals and produces four corresponding
oulpul signals. Cach output sipnal of the radix-4 butterfly
constitutes a weighted sum of the four input signals.

Cempletion of an N-peint FET requires that the product of
the butterlly radix values, laken over the total pumber of
slages or passes, cquals he lolal point count, N, Thus, a
64-poin FFT can be perlormed by one radix-64 butterfly, or
three cascaded stages where cach stage has sixieen radix-4
hutterflies {the product of the radix values for stage-1 and
stage-2 and stape-3 is 4xd4=4:=64), or six cascaded stages
where each of the six stages comprises 32 radix-2 butterflies
{the product of the radix values for stage-1 throvgh stage-6 is
2x2x2x2x2x2=064).
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A multi-stage or multi-pass FFT process can bhe correctly
carried out under conditions where the number of butterfly
elernents changes from one pass (or stage) to the next and the
radix value, r, of the burterfly elements alsc changes from one
pass {or stage) to the next. A paper by Gordon DeMuth,
“ALGORITHMS FOR DEFINING MIXED RADIX FFT
FLOW GRAPHS,” IEEE Transactions on Acoustics, Speech,
and Signal ’rocessing, Yol 37, No, 9, September 1989, I'ages
1344-1358, describes a gencralized method for perfarming
an FFT with a mixed-radix system. A mixed-radix system is
one where the radix value, r, in one slage or pass is differcnt
from that of at teast one other stage or pass.

An advanlage of 8 mixed-radix computing system is that it
can be *“tuned” to optimize the signal-to-noise ralio of the
ransform {or more correctly speaking, fo minimize the accu-
mulated round-olT error of the totat transform) for each par-
ticular sct of circumsiances. By way of example, it is advan-
lageous in one environment 1o performa 512-poinl FFT using,
the: mixed-radix sequence: 4, 4, 4, 4, 2. In a different environ-
ment, it may be more advantageons ta use the mixed-radix
sequence: 4, 2, 4, 4, 4. Round-off error varies within a
machine of finite precision as a function ofradix value and the
peak signal magnitudes (hal develop in each slage or pass.

In addition, it may be advantageous to scale intermediate
mesults between each stage or pass, in order to minimize
round-off errors and (he problem of overflow. Further, it may
be advantagenus to vary (he amount of scaling performed
between cach pass, for examiple, either to scale by Yabelween
each radix- slage or lo scale by V% [or some stages and ¥ for
other slages.

Herclofore, FTT processors generally fetched data values
from their working slorage in a serial manner, thus limiting
the speed which could be obiined. Further, current FFT
processors generally were limited in speed by loading the
working storage with input values, then processing the datn in
the working storage, then unloading the result vafues.

‘Ther: are many advanced digital signal-processing, appli-
cations requiring analysis of large quanGlics of data in short
time periods, especially where Lhere is interest in providing
“real time” results. Such applications include signal process-
ing in modems which usc OFDM {orthogonal frequency divi-
sion mulliplexing).

One need in (he art is for an accurate analog-to-digital
conversion (ADC) af moderate [requencies huving limited
bandwidih. Cne fechnolopy known in the art is the “Sipma-
Delia™ ADC which provides very pood resolution (lugh num-
ber of bits in the digiial result), but only for signals whose
converted signal bandwidth is Iaw.

Anolher need is for an ADC which provides bandwidth-
limited digital I and ( signals (representing amplitude and
quadrature) for a 200 kHz bandwidth received analog modem
signal, wherein the digila! resnlt has very high resolution and
accuracy,

‘Whal 1s needed is a method and apparatus which addresses
the above problems in the art.

SUMMARY

The present invention describes a multi-point to peint com-
mumcation system including multicarrier telephony frans-
port. The multi-point to point communication system
includes a hyhrid fiber/coax distribution network. A head end
tenninal provides for downstream transmission of down-
stream comiro] data and downstream telephony inlormation in
a first frequency bandwidth over the hybrid fber/coax distri-
bution neiwork and reception of vpstream telephony infor-
mration and upstreum control data in a second [requency bund-
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width aver the hybrid fiber/coax distribution network. The
head end terminal includes a head end multicarrier modem
for modulating at lcast downstream telephony information on
a plurlity of orthoponai carriers in the first frequency band-
width and demodulating at least upstrean telephony infor-
mation modulated on & plurality of orthogoeoal carriers in the
sccond frequency bandwidlh. The head end terminal further
inclndes a head end controller operatively comnected to the
head end multicarrier modem for controlling ransmission of
the downsircam lelephony infonnation and downstream con-
tro] data and for controlling receipt of the upstream control
dala and upstream telephony information. The system further
inchudes at lcasl one service unil, cach service nnit associated
with at least one remote unit and operatively connecied to the
hybrid fiberfeoax distribution network foz upsircam transmis-
sion of upstream telephony information and upstresm conirul
data in the second frequency bandwidth and lor receipl ol the
downsirear conlrol data and downslream telephony inlorma-
tian in the first frequency bandwidth. Bach service unit
incindes a service unit nmiticarrier modem for medulating at
least the upstream tclephony informsation on at least one car-

rier arthogonal at the head end to at least one other carrer in -

the second frequency bundwidih and for demodulating at
least (he downsiream {elephony information modulated on at
least a band of a plurality of orthogonal carriers in the first
[requency bandwidth. Each service unil also includes a scr-
vice unit conlolier operatively connecied to the service unit
multicarrier modemn for controlling the modulation ol and
demodulation performed by the service unit mullicarier
modem,

Another embodiment prevents nntoward spectral effects in
the multicarrier signal from varations in channel activity and
from highly repetitive data patterns in the payload channels.
Data js the paylead channels can be scrambled with pseudo-

random scquences, and dilferent sequences can be applied to

different chiannels in order to produce a more balanced mul-
ticarrier spectrm.

In smother embodiment, the plurality of orthogonal carricrs
in the first frequency bandwidth include al least one control
channel for transmission of downsiream cantro} daila and &
pluality of telephony information channels [or tmnsmission
of downstream telephony information. Fuorther, the plurality
of orthogonal carriers in the second frequency bandwidth
include at least one control channel for trunsmission of
upstream contre) data and a2 plurality of telepheny informa-
tion channels for transmission of upstream tefephony infor-
mation.

In oler embodiments, a plurality of contro! channels are
mnlerspersed among the telephony inlonmation channels inthe

first frequency bandwidih and & pharality of conlrol channels

arc interspersed among the lelephony channels of the second
frequency bandwidth, The telephony chompels may be
divided into subbands each having multiple duts or payload
channels and a control channel; this allows the remote
maodems to be realized as less expensive and/or better per-
forming narrow-band modems. The clock sipnals for gener-
ating the carriers and the symbols representing the transmit-
ted data may be locked to each other or generated from (he
same source, to reduce inlersymbol interf{erence significantly,

Amnother technique [brreducing inlcrsymbol interference is
the transmission of each symbo! with more than 360° of phasc
in one cycle of its carriet, in order to allow some leeway in
tracking the phase of a channel carrier in a receiving modeimn.
Some applications demand more or different ermor deteclion
and correction capability then others. An embodiment is
shown which handles both unencoded parity-type detection/
correction and more mliiple types of more powerlul meth-
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ods, such as Reed-Solomon encoding, in a transparent, real-
time fashion, by packing (he data words differently for cach
case, Moreover, the processor loading invelved in thesc crror-
correction techniques can be spread out in time, so that not all
channels need to be handled s Lthe same (ime. This is accom-
plished by staggering the beginning times of different data
messapes.

In another embediment, lhe al lesst one scrvicc upit
includes a scrvice modem for vpstream transmission of
upstream telephony infarmalion and wpstream conlrol data
within & channel band of (he second [requency bandwidth
corresponding to one of the channel bands of the frst fre-
quency bandwidth in which (he service modem receives
downstrecam telephomy information and downstream confrol
information. Allernatively, the at least one service unit
includes a multi-service modem for upstream transmission of
upstream felephony information and upstream control data
within a plurulity of channel bands of the second frequency
bandwidih corresponding to a plurality of the chanuel bands
of (he first frequency bandwidth in which the multi-service
modem receives downstream telephony information and
downstream controt information.

In gtill another embodiment, the plurality of control chan-
nels of the first frequency bandwidth and (he pluratity of
control channels of the sceond frequency bandwidlh each
include at least one synchromization channel,

In other embodiments, different modulation techniques are
utilized for different carriers. For example, different modula-
tion techniques are utilized for different telephony channels.
As apother example, the aforementioned I0C channels may
be modulated as differential binary phasc-shift keyed (BPSK)
signals, while (he payload dat channels are modulated as
5-bit quadrature amplitude modulated (QAMAI2) signals, in
order to enhance the uge of I0C chamnels {or subband frack-
inp, and for other purposes. The constellation delining the
modulated signals can be consiructed to achieve a4 minimat
number of bit errors for small crrors in amplitude or phase of
the received signal; broadly, the constellation points are
mapped to bit combinations in a scheme analogovs fo a Gray
code.

A communicalion system which addresses the problems
inherent in the system, in particular, ingress problems is also
described. The communication system includes a distribution
nctwork belween a head end terminal and at least one remote
unit. The head end terminal roccives upsircam telephony
mformation and upsiream control data in a frequency band-
width over the distribution network. The head end ferminat
ncludes a head end multicarrier demodulator lor demodulat-
g at fcast upstream lelephony information modutated on a
plurality of orthogonal carriers in the frequency bandwidth.
The demodulator includes at least one polyphase filter for
filtering Lhe at least wpstream felephony information modu-
faied on (e pluralily olorthopgonal cagpers to provide inpress
pmiection for the modulated orthogonal carricrs. The head
el terminal aiso includes a head end controller operatively
connected to the head cnd multicarrier demodulalor [or con-
rolling receipt of the upstream control dala and upstream
telephony information. The system further includes at least
one service unit modulator, cach service unit modulator asso-
ciated with at least one remole unil znd vperatively connected
to the distribution network for modulating at least vpstream
telephony information on at least one camier orthogonal at the
hicad end terminal fo at least one other cardier in the frequency
bandwidth. The system also includes a service unit controtler
operatively connected to the service unit multicarrier modu-
lator for contmolling the modulation performed by the service
vnit mullicamer modulator,
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In another embodiment, the plurality of orthoponal carmiers
m lhe frequency bandwidlh include a plurality of telephony
information channels for tansmission ofupstream telephony
information after moedulation of telephony information
thereon and at fcast ane control channel associated with the
plurality of telephony channels for transroission of vpstream
control dala thereon. Herc also, the IOC may be placed in the
midpeint of the subbands.

In another embodiment, the af least one polyphase filter
includes & firsl and second polyphasc filter. The first
polyphase filter filters a first pluratity of channel sets and
passes & [irst plurality ol al least telephony channels within
cach channe! set ol the fist pluralily of channel sefs. The
second polyphase Alter filters a second plumlity ol channel
sets and passes a second plurality of al least iclephony chan-
nels within each channel set of the second plurality of channel
sets. The first and second polyphase filter are ofTset [rom one
another such that all at least telephony chamels of the first
and second plurality of channel sets are passed. In another
embodiment, the polyphase filters include at least two over-
lapping polyphasc fitters.

In anothcr altermatc cmbodiment, the demoduiator
includes @ tunable potch [ilter lor filtering (he at least
upstrecam lelephony information modulaied on a plurality of
orthogonal carricrs lo prevent passage of corrupted modu-
lated orthogonal carmiers.

In addition, a method of polyphase filicring in a commu-
nication system is also described, The method includes
receiving a pturality of orthogonal carriers having modulaled
telephony information thereon. The phurality of orthogonal

20

carriers includes a first and second plurality of noncontignous .

channel sets. The first plurality of noncontiguous channel scis
is filtered and a first plurality of channels of each channel set
of the first plurality of noncontiguous channei sets is passed.
The second pluralily of nonconliguous channel sets is filtered
and a second plurality of channels of each channel set of the
second pluratily ol noncontiguous channel sets is also passed.
The second pluraiity of channels passed includes channels of
the first piurality of noncontiguons channel sets not passed
when filiering the firsl plumlity of noocontiguous channel
sets.

A receiver apparatus is also described which receives a
frequency bandwidth having a plurality of modulated
orhogonal carrers. At least one polyphase (lter provides
ingress protection for the frequency bandwidth by filtering a
plurality of channel sets ofthe modulated orthogonal carders.

The use of channel monitoring 1o address some of the
problems inhcrent in & multi-poinl lo point communication
system, in paricilar, with respect lo ingress, is also
described. ‘The monitoring method of the present invention
momnitors a lelephony communicalion n-bit channel wherein
one of the bits iz a parity bit. The parity bit of the n-bit channel
is sampled and a probable bit error rate is derived from the
sampling of the parity bit.

In one embodiment, the probable bit error rate over a time
period is compared {o a predetermined bit error rate value
representing a minimmwn bit error rate to determine if'the n-bit
channe! is corrupted. A cornepted channel can then either be
reallocated or, in another ecmbodimenl, e transmission
power ol the channel can be increased to overcome the cor-
ropfion.

In an alternate method embodiment, the method comprises:

the steps of sampting the parity bit of the n-bit channel over a
first time period, deriving a probable bit error e fom the
sampling olihe parity bit over the {irst time period, comparing,
the probable bit ermor rate over the first time period o a
pre-determined bit error rate value to deternmine if the n-bii
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channel is corrupted, and accumulating a probable bit error
rate over a plurality of successive time periods il the n-bit
channel is not cormpted.

In another alternate method embodiment, the method com-
prises the steps of sempling (he parity bit of the n-bit channel
and deriving a probable bit error rate from the sampling of the
parity bit over a first fime period. The probable bit error rate
aver the first time period is compared to a first predetesmined
bit error mate value 1o defermine if the n-bif chaanel is cor-
rupted. A probable bit crror rule from the sampling of the
parity bit over a second time period is derived. The second
time period is longer than the [irst time period snd runs
concurrently therewith. The probable bil error rale over the
sccond time period 1s compared to a second predetermined bil
error ratc value lo delermine if the n-hit channel is corrupted.

In yet another alternate embodiment, a method for moni-
toring al least ome telephony communication channel
includes equalizing a signal on the channel and monitoring
the equalization of the signal to producc a probable bit error
rate a5 & function of the equalization.

In stilf yet another alternaie embodimenl, & method for
monitoring at jeast onc unallocated telephony communica-
tion channc! includes pedodically monitoring the at least one
unallocated telephony communication channel. Error dala for
the at least one unallocaled telephony communication chan-
net accumulated and the at least one unaliocated telephony
communication channel is allocated based on the error data.

A multi-peint to point communication systemn ntifizing a
distribuicd loop method is also described. The communica-
tion systern in sccardance with the present invention includes
a distribution network and a head cnd terminal for down-
stream (ransmission of downstream conirol data and down-
stream telephony information in a first Irequency bandwidth
over the distribution network. The Liead end terminal recejves
upstream telephoity infonmation and wpsiream control data in
a second frequency bandwidih over the distribution network.
The head end terminal further includes 4 head end multicar-
rder modem for modulating at least downstream telephony
information on a plurality of erthogonal carriers in the first
frequency bandwidth and demodulating at least npstream
telephony information modulated oo a plurality of orthogonal
carriers in the second frequency bandwidth. A head end con-
troller is operatively connected to the head end multicarrier
modem [or coniralling transmission of the downstream fele-
phony information and downsiream conlrol data and for con-
rolling receipt of the upstream control dala and upsiream
telephony information. The system includes & plurality of
service units, Fach service unit is associaied with al least one
remote unit and operatively connected to the distribution
network for upstream transimission of upstream felephony
information and upstream control data in (he second Ire-
quency bandwidth and for receipt of the downstream control
data and downstream telephony information in the Arst [re-
quency bandwidth. Each servicc unit includes a scervice unit
multicarrier modem for modulating at least the upstream
telephony information on at Jeast one carrier orthogonal to at
least one other carrier in the second [requency bandwidth and
for demodulating at least the downstream telephony informa-
tion modulated on at leasit a band ol'a plurality of orthogonal
carriers in the first frequency bandwidth. Euch service unit
also includes a service unit confrofler operatively connected
to the service unil multicarrier modem for controlling the
madulation of md demodniation performed by the service
unit 1multicarricr modem. The service it controller adjusts
at lcast auc local transmission characteristic In response lo an
adjustment command from the head end controller trapsmit-
ted in (he downstream control data to the at least one remote
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unit. The head end controfler forther includes a defector for
detecting the at least one local transmission characteristic of
the service unit modem associated with the at least one remote
unit and for generating the adjustment command as a function
of the detected at least one transmission charsclernstic for
lransmitial 1o the service unit associated with the at least one
remuote unit in the downstream control data,

Distritwted system control is also employed for acquiring
and tracking remmote service units newly connected to (or
aclivated within) the system. An acquisition process makes
rough estimates of the frequency, phase, and data-symbol
timing of the head-end transmitier, calculates the round-top
delay of data fo apd from the head end, and then tracks
changes in (he frequency, phase, and timing of the head end,
all with minimal ovcrhead to the transmission of payload data
wilhin the system. A special non-valid dala signal is used to
signal the starl of a raining pallemn for acquisition purposes.
Maintaining accuraic power balancing or leveling among the
remole Units transmitting upstream to the head cod is both
necessary and diffienlt in a multipoint-o-point multicarrier
system. One embodiment of the invention uses both sn aufo-
malic gain control or equalizer at the head end and 4 trans-
mitier output or power conlrol at the remote end to achieve the
conflicting goals of wide dynamic range and high resolution
amplitude control,

Turthermore, & communicalion system having, a distribu-
tion network betwesn a head end and a plurality of remote
unils vsing & scanning melhod s described. The system
includes the transmission, [rom the head end, of a plurality of
modulated onbioponal camriers having telephony information
modulaied thereon in a plurality of regions of a first frequency
bandwidih. Each of the regions has at least one controf chan-
nel associated therewith having controf information medu-
lated (hereon. A scanner at the remote units, scans each of the
phorality of regions in the first frequency bandwidth and locks
onto the at least one control channel associated wilh each of
the plurality of repions to detect a unique identifier to deter-
mine which region of the first frequency bandwidth the
remote unit is to tune to and which region in a second fre-
quency bandwid(h the remote unit is to transmit within.

In ancther embodiment, the communication system
includes a distribution nefwork beiween a head end and a
plurality of remote units. The head cad includes 2 head end
termina] for downstresm transmission of downstream control
data and downstream telephony information in a [first fre-
quency bandwidth over the distribution network and for
receipt of upstream telephony information and upstream con-
trof data in a second frequency bandwidth over the distribu-
tion neiwork. The head end terminal inchudes a head end

multicarrier modem for modulating at least downstream tele-

phony information on a plurality of orthogonal carriers in a
plurality olregions ol the first requency bandwidth. The head
end multicarrier modem also demodulates at leasi upstream
telephony information modnlated on a plumtily olorthogonal
carders of a plurality of regions in the second lrequency
handwidth. The plurality of orthoponal camiers in each ol the
regions includes a plurality of telephony information chan-
nels for transmission of telephony inlormation thercon with
each of the regions having at least one control chamnel asso-
ciated therewith for transmission of control data. The head
cnd terminal also includes a head ond controller operatively
connected to the head end multicarrier modem for contrelling,
transmission of the downstream {elephony information and
downslream control data and for controlling receipt of the
upslreamn conlrol data and upstrcam telephoury information.
The system forther incindes a plurality of service uni
modems with each service vnil modem associated with al
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Icast one remote unil and operatively coimected fo the distri-
bution network for ppstream transmission of upstream tele-
phony information and upstream controf dafa in one of the
plurality ol regions of [he second frequency buandwidh and
Jor receipt of the downstream control dam and downstream
tclephony information in one of the plurality of regions in the
first frequency bandwidth. Each service onit modem includes
a scanner for scanning each of the plurality of regions in the
first frequency bandwidth and for locking onto the at least one
control channet in each of the plurality of regions to detect a
vnique Wenlifier for each service unit modemn to determine
which region of the first frequency bandwidth the service unit
modem i3 fo tune to and which region in the second frequency
Ppandwidih the service unit modem is to transmit within.

This invention further provides o three-parl RAM struc-
ture, the functions of which can be permuted belween input,
comversion, and cutput functions. In one embodiment, the
comversion LAM section 1s conligured fo ofer four values 1o
be accessed simultancously in order to speed operations.

In another embodiment, this invention relates to the field of
clectronc communication systems, and more specifically 1o
an improved method and apparatus for providing a Sigma-
Delta analog-to-digital conversion and decimation for a
modem.

According to another aspect of the invention there is pro-
vided & data delivery system having a head end connceted to
a plurality of remete subscribers over a network, the data
originating from peneral purpose digital computers, wherein
the data is transmitted (o the remote subscribers in a plurality
of data channels, and at the starl ol a data fransmission ses-
sion, one or more channels are selectively assigned to carry
the data between the head end and he subscrober premiscs
wilh cach of the data chanpnels maintaining a substantially
constant rate of data transfer between the head end and the
destination premise. The system and method further allows
that the number o assigned channels arsigned to a particular
subseriber can be chapped from one connection to another fo
accommedate changes in overall system Joading, but at all
times maintaining a minimum mumnber of assigned channels
s0 that 2 minimum rale of dala ransfer can be maintzined
hetween the head end and a subsctiber premisc. The systern
also provides asymmetrical operation so that the number of
data channels assigned in the downstream palh from the head
end to the subscribers is much greater in number than the
number of upstream data chapnels.

According to another aspect of the invention there is pro-
vided a system of computer data and telephony data teans-
mission over a telecomimunicalions network having a head
end connected to a plurality of remote subscribers, the com-
puler duta originating from peneral purpose digital comput-
ers, and the telephony data received from or conveyed to the
public telephone network. The system comprises [ransmit-
ting thc computer daiaz and telephony data to the remoie
subscribers in a plurality of data channels, and establishing a
compuier data or telephony data connection hetween the head
end and a subscriber premise independently of one another.
Tach of the computer dzla or telephony data connections are
cstyblished by assigning one or more of the data channels to
carry (he computer data and ope ar more of the data channels
o carry the telephony data with at icast some of tise datm
channels being available to carry either compuier data or
telephony data. The system lurther aliows that the number
assigned data channels can be changed from one connection
%o another to the same subscriber so that the overall band-
width of the network can be regllocated. The system luriher
allows that the data channels are transmitied using Radio
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Frequency (RF) signafing, and that the RT is scrambled,
thereby providing data security,

According te yet another aspect of the invention, (he sys-
tem gllows that a computer data received al the head end can
initiate 2 connection to a remote subscriber, wherein the con-
nection comprises the assignment of one or more dala chan-
nejs to canry the computer data to the subscriber.
© According to yet another embodiment, the system 10 or
S00 of the present invention includes an ATM modulator
which can receive ATM data and moedulate it onta the HFC
network. In one preferred embodiment, digital video data is
defivered over an ATM network, muitiplexed and modulated
onto the HEC in RF digital OFDM format on data connections
cstablished between (he head cnd and a subscriber, as for
cxample described above with respect to system 500. A digi-
Ll sel lop box receives the digiial video, for cxample in 4.0
Mbps MPEG or equivalenl, and converls it to videe for dis-
play on a television. A return path over a telephony or data
channel atlows for interactive digital video.

In another embediment, a method for trunsmitting data
over a felecommunication systern from a head end to a service
vuit is provided. the service unit is assigned to subbund ol a
transmission channel of the telecommunication system, The
subhand includes a rumber of payload channels that transmit
data at a first rate and a control chaunel that transmits data at
a second rate. The sccond rate is slower than the fiest rate, The
systemn receives a request o transmit data to a service unit at
the second, slower rate. The system further determines
whether to transmil (he data at the (irst, Taster, rate based on
the size of the data. When a payload channel in the subband is
available 1o {rmnsmit the data al (he [irst rate, the system
allocales ihe payload channel to ransmit the data to the ser-
vice unif over the payload channel at the first rale. When the
payload channels are allocated to service units and af least onc
of the allacated payload channels is idle, the system allocates
the idle payload channel to transmit the data to the serviceunit
over the payload channel at the first rate. This method can be
used 1 download software and trensmission protocols as well
as other data that is not fime sensitive, Further, the method
advantagcously provides [exibility in providing bandwidth
for (ransmission of data in the telecommunications system.

In another embodiment, a telecommunications system
dynamically allocales bandwidth smong a pluratity of service
units. The syslem comprises 4 head end that ransmits data
over a fransmission medium to the service units. The head end
inclndes a modem circuit for nammow band transmission in at
least one transmission channel. Bach transmission channet
inclndes a pumber of subbands having a number of payload
channcis and a conlrol channel in cach subband. Further, a
control circuit in the head end assigns each service unit tc a
subband for transmission and receipt of data, The controf
circuil also allocales a payload channel 1o a service it in
response to a request for bandwidlh for a service unit,

In another embodiment, the control circuil assigns a num-
ber of service units to each subband. The canlrol circuit
dynamically allocates handwidth to the service units for
selective use of the payload channels in the subband. This
increases the number of service vaits fhat cun be coupled to
the system.

In another embodiment, a method for dynamically allocal-
ing bandwidth te a service unit in a telecommunications sys-
tem is provided. The sysiem uses a multi-channel fransmis-
sion scheme with trensmission channels thai include a
number ol subbands. Each subband further inchudes a nomber
of payload channcls. The method begins by receiving a
request for a payload channel for a service unit that is
assigned 1o 3 first subbund. The method selects an available
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payload channe? in the first subband and determines if the
payload channel is acceptable for providing service to the
service unit, for example, acceptable transmission quality.
‘When the payload channel is acceptable, the method allocates
the payload channel io the service unit. When, howevet, the
payload channel is unacceptable, the method selecls other
channels to find an acceptable payload channel.

In anofher embodiment, a telecommunications systern
implements a method for allocaling payload channels for a
service (hat vse multiple payload channels to communicate
wilh a service unit. The system assigns an idemtifier for each
payload channel that indicates the relative onder of the mul-
lipte payload chonnels for the service. The system further
monitars the quality of (he payload channels of (he system.
When the quality of onc of the multiple payload chanoels
drops below a threshokl, the system allocates a diflerent
payload channe! to replace (he original payload channel for
the service. Once reallocated, the system uses the identifier
for the original payload channel so that the proper arder for
the allocated payload channels is maimlained by the service
irespective of the order that the payload channels are
receivid at (he service unit.

In ancther embodiment, a telccommunicalions system pro-
vides a method for using an upstream payload channel to
inform (he head end of errors that occur in downstream pay-
laad channels, The system, monitors a downslream (ransmis-
sion channel at a service unit {or transmission errors. Further,
the system generatcs a signal at the service vmil that indicates
transmission errors in the downstream payload channcl. The
system also transmits (he signal to the head end on an asso-
ciated upstream payload channel thus allowing the head end
to monitor and respond to the performance of the service unit
and associaled payload channets.

In another cmbodiment, a methed for controlling a plural-
ity of service units in a telecommunication system is pro-
vided. The method first assigns an identifier to each service
unil. The method larther assigns each service unit to a sub-
band of a transmission channcl of & narrow band transmission
scheme. In the transmission channel, each subband includes a
control channel for receiving und lransmilting control signals.
The method broadcasts the contlrol signals for the service
units over the control channels. The method identifies the
terminal to use the control signal with (he identifer.

In another embodiment, # service unit [or use with a com-
municalion sysiem lransmits signals with 2 narrow band
transmission scheme. The transmission channel is divided
mto a oumber of subbands with cach subband including a
number ol payload channels and a control channel, The ser-
vice unit includes a modem that is tunable io receive tele-
phony and control signals on a subband of a transmission
channel. The service unit further includes a controller circuit
coupled to the moden to receive conlrol signals over the
control channel and to determine which control signals fouse
to conlrol the operation of the modem. The service vnif also
includes interface circuits coupled to the controller for pro-
viding signals to a chapned unit.

In another embodiment, a method for controfling power
usagc at a service vnit of a telecommunications system is
provided. The method comprises determining the type of
service supporied by each line of a service unit. When the
service unit supporis analog telephony service, the method
determines the hook status of all of the lines of the service
unit. When the lincs are on-hook, he method powers down
the service units to conserve power usage unlil a request is
recejved to use a tine of the scrvice unil.

The present invention describes a method of establishing
comnunication between g head end and a pluratity of remote
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units in a multi-point to point communication sysicm, such as
when a Tavdt as descrnibed sbove has lefi many wsers of the
system without service. The method includes transmitting
information from ihe head end to the plurality of remote units
in a plurslity of regions ol a first [requency bandwidth. Each
of the regions has at least onc control channel argociated
therewith. the informaiion ransmitied includes identifica-
‘fion infonmation corresponding 1o each ol n remote units of
the plurality of remote noits, Such information is pedodically
transmitfed for the n remolte units [rom the head end on (he at
least one conlrol channel of one of the plurality of regions of
the first frequency bandwidth during a first predelenmined
time period. The identification wfomation for cach of the
plurality of n remote units is transmitted out of phase with
respect to the identification information for the other of the n
remote units. At each of the n vemote units, the at least one
contro} channel of each of the plumlity of regions in the first
frequency bandwidth is scanned to detect identification infor-
mation corresponding to cach of the n remote units to identify
a particular region of the plurality of regions that each of the
n remoie unils is lo use for receiving information from the
head end.

In vne embodiment, a region is identified in a second [re-
quency bandwidth in which each of the n remole unils is 1o
rransmit within. The method furher includes serially per-
Torming synchronization for each of the n remole units for
communication with the head end, during a second predeter-
mined time period after the first predetermined time period.

A mlti-point fo point communication system having a
distribution network between a head end and a plurality of
remote units for accomplishing the above method includes
means for fransmitting information from the head end to the
plurality of remote uniis in a plurality of regions of a first
frequency bandwidth. Each of the regions has at Jeast one
conlm! channel associated therewith. The transmilling means
further periodically transmits identification information cor-
responding lo cach ol'a sel of n remote unils ol the plurality of
remote unils on at least one control channel of one of the
plurlity of regions of the first frequency bandwidth during #
first predetermined time period of an identification and syn-
chronization time period. The identification information for
each of the plurality of n remotc units is transmitted out of’
phase with respect to the identification information for the
ailier of the n remote units, The system further includes at
cach ofthe n remolc units, means for scanning the at least one
control channel of ezch ol the plurality of regions in the first
[requency bandwidihio detect identification inlonmation dur-
ing (he first predetermined time period corresponding fo each
of the n remote units to identify a particutar region ol the
plurality of regions that each of the n remote units is o nse for
recelving inlormation from the head end. Further, a1 each of
the n remote units, the system includes means for modulating
at Jeast upstream telephony infonnation on at least one carrier
in a second frequency bandwidih orthogonal at the head end
terminal to at least one other carrier in the second frequency
bandwidth and lor adjusting at least one local (ransmission
characleristic in response to an adjustmenl command from
the head end. Mcans at the head end for detecting the at least
one local [rnsmission characteristic of each of the n remote
units and for genersling the adjustmenl commeands as a func-
tion of Lhe detected atleast one transmission characteristic for
transmittal to the n remofe nnits to serally perform synchro-
nization for each of the n remote units during a second pre-
determined time period of the identification and synchroni-
zation time period js also included in the system.

The present invention is a hybrid fiber/coax video and
telephony communication network which integraies bi-direc-
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tional tclephony and interactive video services inte one net-
work including optical fiher and coaxizl cable distribution
systcms. The present iovention utilizes optical fiber as the
transimnission medinm for feeding a plurality of optical distri-
bution nades with video and telephony information from a
head end. Coaxial cable distribution systems are wtilized for
connection of the distribution nodes to a plurality of remote
units. The head end opticalty transinits the video information
downstream to the nodes where it is converted to electrical
sipnals for distribwtion te the remote units. Telephony infor-
mation is alsa optically transmitted to the nodes in frequency
bandwidths vnused by the video information. The down-
strenm lelephony and video optical signals are converted to
electrical telephony and video signals for distribulion to the
plurslity of rmaote units. The network provides for ransmis-
sion of upstremn clectrical data signals, for example lele-
phony signals, to the head end by trapsmifling from the
remote units upstream eleclrical data signals to the distribu-
tion nodes where such upstream electrical data signals are
converted to upsiream optical signals for transmission to the
head end.

In one cmbodiment, the head end includes a first distribn-
tion terminal baving at least onc oplical iruosmiller [or trans-
milting optical downstream telephony signals on at least one
oplical fiber. In addition, the head end includes a second
distribution terminal having a separaie optical ransmitter Tor
transmitting an optical downsiream video signal on an opticat
fiber line.

1n another embadimeni, the vides and telephony signal
distribution network transmits opticat downsiream video and
telephony signals on sl least one opiicat fiber in a first fre-
quency bandwidlh. In this embodiment, a second frequency
bandwidih is reused for transmission of mpsiream electrical
data signals generated at the remote units, The second fre-
quency bandwidth is reused tor transmission by cach remote
umit.

In another embodiment of the imvention, a fitter is utilized
al service units which interface the coaxial distribution sys-
tems o user equipment, The ingress [ilicr allows for passage
of downstream video signals 1o video equipment units and
blocks downstream telephony siynals transmitted in a difTer-
ent frequency bandwidth.

DRAWINGS

FIG. 1 shows a block diagram of a communication system
utilizing & hybrid fiber/fcoax distribution network;

FIG. 2 is an allernate embodiment of the system of FIG. 1;

FI(. 3 is a detailed block diagram of'a host digilal (crminal
{BDT) with associated transmilicrs and receivers of the sys-
tem of F1G. 1;

F1G. 4 is a biock diagram of the associated transmitters and
receivers of FIG. 3;

FIG. § is a block diagram of an optical distribution node of
the system of FIG. 1;

FIGS. 6, 7 arc embodiments of frequency shifters foruse in
the optical distribution node of FIG. 5 and the telephony
upsiream receiver of FIG. 4, respectively;

FIG. 8 is a general block diagram of an integrated service
onit (ISU) such as 2 home inteprated service unit (HIS N ora
multiple integrated service unit (MISU) of FIG. 1,

FI1GS. 9, 1, 11 show data frammc structurcs and frame
signaling utilized in the TIDT of FIG. 3;

FI1G. 12 is @ general block diagram of a coax masier card
{CXMC) of a coax master unit (CXMU) of FIG. 3;

FIG. 13 shows a speciml allocation for a first transport
embodiment for telephony trunsport in the system of FIG. 1;
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FIG. 14 shows a mapping diagram for QAM modulation;

FIG. 15 shows a mapping diagram for BPSK modulation;

FIG. 16 shows a subband diapram for the spectral alloca-
tion of FIG. 13;

FIGS. 17, 18 show altcrnalive mapping diagrams or con-
stellations for QAM modulation;

FIG. 19 shows 4 liming dizgrum ol an identification and
‘synchronization process;

FIG. 26 shows a timing diagram of a burst identification
and synchmnization process;

FIG. 21 is a block diagram of a master coax card (MCC)
downslream transmission architecture of the CXMU lor the
first fransport embodiment of the system of FIG. 1;

Fi(G. 22 is a block diagram of a coax tmnspor woit (CX'1'U)
downsiream receiver architecture of an MISU lor the first
transport embediment of the systen: of FIG. 1;

FIG. 23 is a block diagram of a coax home module
{CXHM) downstream receiver architecture of an HISU for
the first transport embodiment of the of the system of FIG. 1;

FIG. 24 is a block diagram of a CXHM upstream transmis-
gion architeclure associated with the CXITM downsiream
receiver architecture of FIG. 23;

FIG, 25 is a block diagram of a CXTU upstream transmis-
sion archileciure

associated with the CX'T'U downstream receiver architec-
ture of FIG. 22;

FI1G. 26 is a block diagram of an MCC upsiream recetver
archileclure associated with the MCC downs(ream (ransmis-
sion archifecture of FIG, 21;

FIG. 27 is a Aow diagram of a acquisition disidbuted loop
routine for use with the system of FIG. 1;

FIG. 28 is a flow diagram of a tracking distributed loop
architectore routine for use with the system of FIG. 1;

FIG. 29 shows a magnilude response ol a polyphasc fitter
bank of the MCC upslream receiver archilecture of FIG. 26;

FIG. 30 is an cniarged view ol par of the mapnitude
response of F1G. 29,

FIG. 31 is a block diagmm of an ingress [ter siructure and
FFT of the MCC upstream receiver architecture of FI(3. 26;

FI(3.32 is & block diagram of a polyphase filter structure of
the ingress [ilter strecture and FFT of FIG. 31;

FIG. 33 is a biock diagram of a carrier, amplitnde, timing
recovery block of the downstream receiver architechures of
the first transporl cmbodiment;

FIG. 34 is a biock diagram of a carricr, amplitude, timing,
recovery biock of the MCC upstream receiver architecture of
the first lransport embodiment;

FIG. 35 is & block disgram of inlernal equalizer operation
for the receiver architectures of the first transpor! embodi-
menl;

FIG. 36 is a spectral allocation of a second trensport
embodiment for fransport in the system of FIG. 1;

FIG. 37 isa block diagram of an MCC medem architecture
of the CXMU for the second lransport cmbodiment of the
system ol T1G. 1;

FIG. 38 is a block diagram of a subscriber modem archi-
icetire of the HISU [ar the second iransport embodiment of
the system of FIG. 1;

FIG. 3% is a hlock diagram of a medem of the subscriber
modem architecture of FIG, 38;

FIG. dit is a block diagram [or channel monitoring vsed in
the system of FIG. 1;

FIGS. 41, 42, 43 are flow diagrams for error monitor por-
tions ol channe! monitor routines of F1G. 40;

FIG, 44 1 an altemate ow diagram for the diagram of FIG,
42;
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FIG. 45 is a Aow diagram for a background menitor porfion
of the channel monitor routines of FIG. 40;

FIG. 46 is a flow diagram for a backnp portion of the
channel monitor roulines of FI1G, 40;

FIGS. 47, 48 are Aow dizgrams of ap acquisition distrib-
uted loop rouiine for use with another embodiment of the
system ol F1G. 1;

FIG. 49 is a flow diagram of a downstream tracking loop
for use wilh (he embodiment of F1GS, 47 and 48,

FIG. 50 is a Aow diagram of an upstream tracking loop for
use with (he embodiment of FIGS. 47 and 48;

FIG. 51 is a block diagram showing the Jocking of all
clocks within a system;

FIGS. 52, 53 depict phase diagrams of symbol waveforms;

F1GS. 54, 85, 56, 57 describe emor mies and message-
encoding methods for use in a syslem;

FI1G. 58 is a block diagram ol & scrambler;

FIG. 59 iz a block diagram of a control cirenit for a CXMU
of an HDT in 2 telecommunications system;

FIGS. 60, 61, 62 are low charts that illustrate methods for
assigning subbunds and allocating payload channels in a tele-
communications syslem that nses a multi-carrier communi-
calion scheme;

FIGS. 63, 64, 65, 66, 67 are frequency spectrum diaprams
that illustrate examples ol assigning service units lo sub-
Trands;

TIG. 68 is & Aow chart that illustrates crror monitoring by
the channel manager;

FIG. 69 is a Aow chart that illustrules s method for allocat-
ing an 1SU data-link (IDI.) channcl in & telecommunications
system; .

FIG. 70 is a block dizgmm ol FFT systern 2100;

F1G. 71 is a block diagram ol modemmn 24 8¢ which includes
a FIFT sysiem 2100 configured to perform an JFFT in trans-
mitier section 2401 and another FET system 2100 configured
1o perlorm an FFT in receiver scction 2402;

F1G. 72 is a block disgram of three logical banks of RAM:
an input RAM 2251, an cutput RAM 2253, and a conversion
RAM 2252;

F1G. 73 is a block diagram ol one embodiment of & physical
implementation which provides the unciion of inpul RAM
2241, conversion RAM 2242, and ountput RAN 2243;

FIG. 74 is a block disgram ol one embodiment of a dual
radix carc 2600;

FIGS. 75, 76, 77, 78, 79, 80, 81, 82 together form a table
showing he order of calculations for a “normal butterfly
sub-operution™;

FIGS. 83, 84, B5, 86, 87, 88, 89, 90 together form a table
showing the onler of calculations for a “transposed butterfly
sub-operation™;

FIG. 91 i a block disgram of one smbodiment of dual-
radix core 2600 showing (he nomenclatre used for the prod-
ucts ootput by miuliplicrs 2620 through 2627 and for adder-
subtractor-accumuizaiors 2633;

FIG. 92 is a block diapram of one embodiment of an
adder-subtraclor-accumulator 2633,

FIG. 93 is a block disgram of modem 2400 which includes
a Sigma-Delta ADC and decimator system to drive FF'T sys-
temn 2100;

FIG. 94 is a more detailed block diagram of modem
receiver 2402;

FIG. 95 is a detailed block diagram of onc cmbodiment of
a Sigma-Delta converler 2840;

FIG. 96 is an overall schematic diagram of the data delivery
transport system according o the present invention;
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FIG. 97 is a simplificd block diagram of the head-end
terminal 12 ol the system 500 according to the present inven-
Gon;

FIG. 98 illustrates a Personal Cakle Data Modem (PCLM)
540 and a Data Modem Service Module (DMSM) 550;

FIG. 99 illustrales in greater detail s PCDM 540;

FI1G. 100 illustrates a Data Modem Channcl Unit (TIMCT
560;

FIG, 101 shows 2 praph of average bandwid(h peruseras a
[unction of the number of vsers [or the system 500;

FIG. 1012 is a simplified block diagram of the data transport
and framing of the system 500;

FIG. 103 ithustrates a Local Arca Nelwork Unit (AN
580;

FIG. 104 illustrates in more detail a DMSM 550;

FIG. 105 illustrates in more detzil a DMCU 560;

FIGS. 106, 107,108, 109 iHustrate the call sefup for a dala
connection on the system 500;

FIG. 110 illustrates 2 call fcrmination sequence on the
system S0, :

FFIG. 111 illustrates the sollware of a LANU 584;

F1(:. 112 illustrates s PCDM 620 adapted for asymmetrical
data delivery;

FIG. 113 illustrates the head-end conliguration for asym-
metrical data delivery,

FI1GS. 114, 115 illustrate another alternate embodiment of
the invention wherein digital video is received over an ATM
network and transmitted over a modified form of system
10/509;

FIG. 116 shows 2 block diagram of a hybrid fiberfooax
network;

FIG. 117 is 2 block disgram of a head end host distribution
terminal of (he network of TFIG. 116;

FTG:. 118 is a block diagram of an optical distribution node
ol the network ol FiG. 116;

FIG. 119 is a block diggram of o home coaxial line unit of
the network of FIG. 116;

FIG. 120 is a block diagram of an alternalive cmbodiment
for transmission from the head end to the oplical distribution
nades;

FIG. 121 is a block diagram of an impulse shaping tech-
nique utilized in accordance wilh the present invention;

FIG. 122 is a block diapram of an alternative embodiment
of the optical to elecfrical comverter of the head end host
distribulion ienninzl of FIG. 117,

FIG. 123 is a block diagram of an alternative embodiment
of the head end hos{ distribution tenminal of FTG. 117; and

FIG. 124 is & {low chart (hat {lustrates an embodiment ofa
method for communicating errors in a communication sys-
tem.

DETAILED DESCRIPTION

The communication system 10, as shown in FIG. 1, is m
access piatform primarily designed to deliver residential and
business lelecommunicalion services over a hybrid fiber-co-
axinl (IFC) distribution nctwork 11. The system 10 is a
cost-effective platform Tor delivery of telephony and video
services. lelephiony services may include standard telephony,
computer data and/or telemetry. In addition, the system 10 is
aflexible platform for accommodating existing and emerging
services for residential subscribers.

The hybrid fiker-coaxial distribution network 11 utilizes
aptica} fiber feeder fines to deliver telephony and video ser-
vice to a distribution node 18 (referred (o hereinafter as the
optical distribulion node (ODN)) remotely located from a
cenirat office or a head end 32. From the ODNs 18, service is
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distributed to subscribers via 2 coaxial network. Several
advantages exist by utilizing the HFC-based communication
aystem 10. By utilizing fiber installed in the foeder, the system
10 spreads the cost of optoelectronics across huodreds of
subscribers. Instcad of having a separate copper loop which
runs from & distribution point to each subseriber (“stas™ dis-
tribution approach), the system 10 implements a bused
approach where a distribution coaxial leg 30 passes each
home and subscribers “lap” the distribution coaxial keg 30 Jor
service. The systcm 1{ also ailows non-video services to be
modulated for transmission using more cost-effective RE
modem devices in dedicaled portions of the RF spectrum.
Finally, the system 10 allows video services 1o be carried on
cxisfing coaxial facilities with no additiopal subscriber equip-
ment because the coaxial distribution links can directly drive
exisiing cable-ready television sets.

It should be apparent to one skifled in the art that the
modem transport architecture described herein and the func-
tionality of the architecture and operations surrounding, such
archifecture could be utilized with distribution networks
other than liybrid fiber coax nelworks. For example, (he func-
tionality may be performed with respecl to wircless systoms,
Therelure, the present invention contemplates use of such
systems in accordance with (he accompanying claims.

The system 10 includes host digital terminals 12 (FDTs)
which implement 4l comumon equipment functions lor tele-
phony fransport, such as network interface, synchroniralion,
DS0 givoming, and operations, administration, maintenance
and provisioning (OAM&P} interfaces, and which include
the inferface between the switching netwark and a transport
system which carries information to and from customer infer-
face equipment such as inteprated service units 1004 (15Us),
shown generally in FIG. 8. Infeprated services units {ISUs)
100, such as home integrated service units (HISUs) 68 or
multiple user infegrated service unils (MISUs) 66, which may
include a business integraled service unil as opposed fo a
multiple dwelling integrated service unil, impicment all cus-
tomer interface functions and interface fo the ransport system
which carries informalion to aod from the switched network.
In (he present system, the HIDYT 12 is normally locaied in a
central ollicc and the 1SUs 100 are remotely located in the
field and distributed in varfous locations. The HDT 12 and
ISUs 100 are connected via the hybrid fiber-coax distribution
nelwork 11 in a muli-point fo peint copfiguration. In the
present system, the modermn functionality required to transport
information over the HFC distribution network 11 is per-
formed by interface equipment in both the ITDT 12 and the
ISUs 1040, Such modem functionalily is perfonned wiilizing
orthogonal frequency division multiplexing.

The communicalion system shall now be generally
described with refercnce (o FIGS. 1, 3 and 8. The primary
components ol system 10 are host digital terminals (HDT's)
12, video host distcbution ferminal (VHDT) 34, telephony
downstream transmitter 14, telephony upstrecam receiver 16,
the hybrid fiber coax (HFC) distribution network 11 including
optical distribution node 18, and inlegraled service units 66,
68 {shown generally as IS1J 100 in FIG. 8) associated with
rernote units 46. The HDT 12 provides telephiony interface
between the switching network (noted generally by trunk line
203 and the modem interfiace (o the HFC distribution nelwork
for transport of telephony information. The telephony down-
stream transmiiter 14 performs electrical to optical conver-
sion ol coaxiat RF downstream telephony information out-
puts 22 of an [IDT 12, shewn in FIG. 3, and transmits onto
redundant downstreamn oplical feeder lines 24. The telephony
upstream receiver 16 performs optical to electrical conversion
of oplical signals on redundant upstream ophical feeder lnes
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26 and applics cleotrical signals on coaxial RF upstream

telephony information inputs 28 of HIYL 12, The optical.

distribution node {ODN) 18 provides interface between the
optical feeder lines 24 and 26 and coaxial distribution legs 30.
The ODN 18 combines downsiream video and felcphony onto
coaxial distribution legs 30. The integrated services units
provide modem nterface to the coaxial distribution network
and scrvice interface 1o cuslomers.

‘The HIXT 12 and [SUs 104 implement the telephony lrans-
por syslem modulstor-demodulator (modem) functionality.
The HIDT 12 includes at least one RE MCC modem 82, shown
in FIG. 3 and each ISU 100 includes an RF 18U moedem 101,
shown in F1G. 8. The MCC modems 52 and ISU moedems 101
uge a multi-carrier RF tragsmission technique to transporl
telephony information, such as DS0+ chanuels, between the
HDT 12 and ISUs 1680. This multi-carrier technique is based
on orthogonal frequency division multiplexing (OFDM)
where a bandwidth of the system is divided vp info multiple
carricrs, cach of which may represent an information channel.
Multicarrier modulation can be viewed as a technique which
lakes time-division multiplexed inlommation data and trans-
forms il to {requency-division multiplexcd data. The genera-
lion and modulation of data on multiple carmiers is accom-
plished digitalty, using an orthogonal frans[ormation on cach
dala channel. The receiver performs the inverse (ransforma-
tion on segroents of the sampled waveform to demodulate the
data, The multiple carriers ovetlap spectrally. However, 4s 4
consequence of the orthoponality of the transformation, the
data in each carrier can be demodnlated with negligible inter-
ference from the other carricrs, thus reducing interference
berween data signals tansported. Multi-carrier transmission
oblains efficient utilization of the transmission baudwidth,
particularly necessary in the upsiream communication of a
mulli-poini 1o peint system. Mulli-carrier modulation also
provides an efficient means to access multiple multiplexed
dala streams and aflows my portion olthe band 1o beaccessed
lo extract such multiplexed informalion, provides superior
noise immunity fo impulse noise as a consequence of having
relatively long symbol times, and also provides an cllective
means for eliminating narrowband interference by identify-
ing carriers which are depraded and inhibiting the use of these
carricrs for data bansmission {such channel monitoring and
protection is described in detail below), Essentially, the tele-
phony transport system can disable use of carners which have
mlerference and poor perlformance aud only use carriers
which mecl lransmission qualily largels.

Further, the (313Ns 18 corbine downsiream video with the
telephony information for lransmission onlo coaxial distribu-
ticn leps 30. The video information from existing video ser-
vices, generally showu by trunk line 20, is received by and
pracessed by head end 32. Head end 32 or the central office,
includes a video host distribution terminal 34 (VHDT) for
video data interface. The VHDT 34 has optical iransmitiers
associaled lherewith lor communicating the video informa-
lion lo the remote units 46 via the ODNs 18 of the HFC
distribution network 11.

The telephony transmitter 14 ol the ITDTs 12, shown in

. FIGS. 3 and 4, includes two fransmitters for downstream .

telephony transmission to protect the felephony data (rens-
mifted. These trapsmiflers are conventlions! and relatively
inexpensive narrow band laser fransmitters. Cne transmitler
iz in standby if the other is foncticning properly. Upon detee-
tion ofa fault in the operating transmitier, the traansmission is
switched to the standby transmritter. In contrast, the transmit-
ter of the VHDT 34 is relatively expensive as compared to the
ransmillers of IIDT 12 as il is 2 broad band analop DFB laser
ransmilter. Therelore, prolection of the video information, a
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non-cssential service unlike telephony data, is left unpro-
tected. By splitting the telephony data transmission from the
video data (ransmission, profection for the telephony data
alone can be achieved. If the video data inlbnmation and the
tclephony dala were transmitied over one optical fiber line by
an expensive broad band anatog laser, economics may dictate
that proteciion for telepliony services may not be pussible.
Thercfore, separation of such transmission is of imporiance,

Further wilh reference 1o FiG. 1, the video inlormation is
oplically transmitted downstream via optical fiber line 40 fo
spliller 38 which splits the optical video sipnals for transmis-
sion on a phurality of ophical fibcr lincs 42 to a plurality of
optical distribution nodes 18. The telephony transmitter 14
associated wilh the HIYT 12 transmits aptical telephony sig-
nals via optical fiber feeder line 42 ta the aptical distribution
nodes 18. The optical distribution nodes 18 convert he optical
video signals and optical telephony signals for ransmission
as electrical outputs via the coaxial distribution portion of the
hybrid fiber coax {IIFFC) distnibution network 11 to o plurality
of remote unils 46. The clectncul downstream video and
telephony signals arc distribuled 1o [8Us via a plurality of
coaxial legs 30 and coaxial taps 44 of the coaxial distribution .
portion of the ITFC distribution network 11.

The remole units 46 have associated therewith an 15U 108,
shown generally in FIG. 8, that includes means for iransmit-
ling upslream electricai data signals inchuding telephony
information, such as from telephones and data terminals, and
in addition may include means for transmitting set top box
information from set top boxes 45 as described further below.
The upstream electrical data signals arc provided by a plural-
iy ol ISUs 100 ta an aptical disiribution node 18 connected
thereto via the coaxial portion of the HFC distribution net-
work 11, The optical distributien node 18 converls (he
npstream electrical data signals tn an upstream optical data
signal for ransmission over an optical fiber feeder line 26 to
the head end 32.

FIG. 2 generally shows an alternate embodiment for pro-
viding transmission of optical video and optical telephony
signals fo the optical distribution nodes 18 from head end 32,
the HDT 12 and VHDT 34 in this embodiment utifize the
sume optical transmitter and the same optical fiber feeder line
36. The signals from IDT 12 and YHIY1 34 are combined and
transmitted optically from headend 32 {o spliiter 38. The
combined signal is then split by splitter 38 and four split
sipnals are provided to the optical distribution nodes 18 for
distribution to fhe remote units by the coaxial distribution legs
30 and coaxial taps 44. Return optical telephony signals from
the ODNs 18 would be combined at splitter 38 for provision
1o (he headend. However, as described above, (he optical
lransmitter utilized wouid be relatively expensive due b its
broad band capabilities, lessening the probubililies of being
able ta afford protection for cssential telephony services.

As one skilled in the art will recognize, the [iber feeder
lines 24, 26, as shown in FIG. 1, may inchide four bers, two
for transmission downsiream from downstream telephony
transmitter 14 and bwo for fransmission upsiream (o upstream
telephomny receiver 16, With the use of directional couplers,
the number of such Gbers may be cut in balf. In addition, the
number of protection transmitters and fibers utilized may vary
as known to one skilled in the art and any listed munber is not
finiting to the present invention as described in the accom-
panying claims.

“The present invention shall now be described in further
defail. The [lirst part of the description shall primarily deal
with video transport. The remainder of he descriplion shall
primarily be with regard to lclephony (ransport.
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Video Transport

The communication system 1@ includes the head end 32
which receives video and telephony information [rom video
and telephony service providers via trunk line 20, Head end
32inchides a plurality of HDT's 12 and aVHDT 34. The FIDT
12 inctudes a nctwork interface for communicating telephony
infarmation, such as T, ISDN, or other data services inlor-
mation, 1o and from telephony scrvice providers, such com-
munication also shown gencrally by trunk line 20, The VHIDYT
34 includes a video network interface for communicating
video informalion, such as cable TV video information and
interactive dala of subscribers to and from video service pro-
viders, such communicaizon also shown gencrally by trunk
line 20.

The VHDT 34 transimits downstream optical signals to a
splitter 38 via video optical fiber feeder line 40. The passive
optical splifier 38 effectively makes [our copies of the down-
siream high bandwidth optical video signals. The duplicated
downstream optical video signals are distributed to the cor-
respondingly connected optical distribution nodes 1B, One
skilled in the art will readily recognize that aithough lour
copies of the downsiream video signals are created, any num-
ber of copics may be made by an appropriate splitter and that
the present invention is not limited to any specific munber.

The splitter is a passive means [or splitling broad band
optical signals withoul the need 1o employ expensive broad
band optical to electrical conversion hardware. Opticat signal
splitters are commonly known to onc skilled in the art and
available from numerons fiber optic component manufactur-
ers such as Gould, Inc, In the alternative, active splilters may
alse be utilized. In addition, a cascaded chain of passive or
active splitters would further maltiply the number of dupli-
cated optical signals for application to an additional niunber
ol oplical distribution nodes and therciore increase further the
remote units serviceable by a single head end. Such altema-
tives are contemplated in accordance with the present inven-
{ion as described by the accompanying claims,

The VIIDT 34 can be localed in a central office, cable TV
hesd end, or 2 remote site and bmoadeast up io about 112
NTSC channels. The VHDT 34 includes a transimission sys-
tem like that of a LITEAMP™ gystem available [rom Ameri-

can Lightwave Systems, Inc., currently a subsidiary of the -

assignee hereof, Video signals are (ransmitled oplically by
amplitude modulation of a 1300 nanometer laser source al the
same frequency at whicl: the signals are received (that is, Lhe
optical iransmission is a tersherz optical carrier which is
modulated with the RF video signals). The downstream video
transmission bandwidth is aboui 54-725 MIiz. Ope advan-
tage in using the same frequency for optical transmission of
the video signal as the frequency of (e video sipnals when
received is to provide high bandwidth (ransmission with
reduced conversion expense. This sume-[requency transmis-
sion approach means that the modulation downstream
requires optical to electrical cooversion or proportions! con-
version willl a photodiode and perhaps amplification, but no
frequency conversion. In addition, there is no sample data
bandwidth reduction and little loss of resolution.

An oplical distribution node 18, shown in further detail in
FIG. 5, receives the sphil downstream optical video signal
Trom the splitfer 38 on optical fiber feeder line 42. The down-
stream optical video signal is applicd to a downstream video
receiver 400 of the optical distribution node 18. The optical
video receiver 400 utilized is like (hat available in the
LITEAMY produet line. The converled signal from video
receiver 400, proportionally converted utilizing photodiodes,
is applied to bridger amplifier 403 along with converled tcle-
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phony signals [rom downstream tefephony receiver 402. The
bridger amplifier 403 simulltancousty applies four down-
siresm electrical telephony and video signals to diplex filters
406 which sllow for full duplex operation by separating the
lransmil and receive functions when signals of two different
[requency bandwidths are utilized for vpsiream amd down-
stream transmission. There is no frequency conversion per-
Tormed =t the GIXN 18 with respect to the video or the down-
stream telephony signals as the signals are passed through the
{ODNs to the remate nnits via the coaxial portion of the HFC
disinibution network 11 in the same frequency bandwidlh as
they are recejved at the ODNs 18.

After the ODN 18 has received the downstream optical
viden signals and such signals are converied to downstream
electrical video signals, the four outputs of the ODN 18 are
applied to four coaxia! legs 30 of the coaxial porion of the
HF( distribution network 11 for transmission of (he down-
stream electrical video signals 1o the remote units 46. Such
ransmission lor the electrical video signals occurs in about
the 54-725 M1z bandwidth. Each ODN 18 provides [or the
lransmission on a plurality of coaxial leps 3¢ and any number
ol oulpuis is contemplated in accordance with the present
invention as described in the accompunying clatms.

As shown in FIG. 1, each coaxial cable leg 30 can provide
a significant nomber of remote units 46 with downstream
electricat video and telephony signals through a plurality of
coaxial taps 44. Coaxial taps are commonly knrown fo one
skilled in the arl and act as passive hidireciional pickoHs of
electrical signals. Each coaxial cable leg 30 may have a num-
ber of coaxial taps 44 connected in series. 1n addition, (he
coaxial portion of the HFC distnbution network 11 may usc
any munber of ampliliers 10 extend (he distance data can be
sent over the coaxial portion of such HFC distribution net-
wark 11.

Downstream video sipnals arc provided from the coaxial
taps 44 to the remote units 46. The video sipnal from the
coaxial lip 44 is provided to an HIST 68 which is generally
shown by the block diagram of 18U 100 in FIG. 8. The 1SU
100 is provided with the downsiream electricat video and
telephony signal from fap 44 and it is spplied lo diplex filter
104, The downstream electrical video and (clephony signal is
passcd through (he diplex filter 104 to both an ingress llter
105 and ISU modem 101. The downstream video signal is
passed by the ingress filler 105 (o video equipment viz an
optional sel top box 45. The downstream electrical telephony
signal applicd [rom the diplex filter 104 to the 158U modem
101 is processed as described in further detad! befow.

Ingress filter 105 provides the remote upit 46 with protec-
tion apainst interference of signals applied 1o the vidoo equip-
ment as opposed to those provided to other user equipment
such as telephones or compuicr terminals. Ingress filter 105
passes the video signals; however, it blocks those frequencies
not utilized by the vidco cquipment. By blocking those fre-
quencies not used by the video equipment, stray signals are
eliminated that may interfere with the other services by the
network to at least the same remote unit.

The set top box 45 is an optiona! element af the remote vnit
46. Inleractive video data from set top box 45 woukl be
ransmitied by an additionat separate RF modem provided by
the video service provider at a relatively low frequency in the
bandwidth of about 5 to 40 MITx. Such frequency must not be
one used for the trapsport of upsiream and downstream tele-
phony dala and downstream video.

Far an MISU 66, a separale coaxial line [rom coaxial tap 44
is utilized to provide transmission of video signals from the
coaxial tap 44 Lo the set fop box 45 and thus for providing
downstream video signals 1o video equipmenlt 47. The ingress
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filier 105 as shown in FIG, 8 is not a part ol the MISU 66 as
indicated by its dashed representation.

Altiemative embodiments of the VHDT 34 may employ
other modulation and mixing schemes or technigues to shifl
the video sipnats in frequency, and other encoding methods to
transmit the information in a coded format. Such techoiques
and schemes for transmitting analog video data, in addition to
those transmitting dipital video data, are known to one skilled
in the arl and are contemplated in accordance with the spirit
and scape of the present invention as descrbed in the accom-
panying claims.

Tetephony Transport

With reference to FIG. 3, teleplony information and ISU
operations and conlrol data (hereinafler relerred to as control
data) modulaled on carriers by MCC mmodem 82 is transmitted
between the HDT 12 and the telephony downstream irans-
miller 14 via coaxial imes 22. Telephony infonmulion and
control dala modulaled on carriers by ISUs 100 is received al
telephony upstream receiver 16 and communicated to the
MCC modem 82 via coaxial cable lines 28, The telephony
downstream transmitter 14 and the telephony upsiream
receiver 16 transmit and recejve, respectively, telephony
information and caulro} data via oplical fiber foeder lines 24
and 26 to and from a corresponding optica! distribution pode
18. The control dala may include zll operations, administsa-
lion, maintenznce & provisioning (OAM&P} for providing
the felephony services ol (he system 10 and any other control
data necessary for providing transport of telephony informa-
tion between (he HIDT 12 and the 1SUs 104,

A block diagram of the HDT 12 is shown in FIG. 3. The
HDT 12 includes the following modules: Hight D81 Units
{LS1U) (seven quad-D51 unils 48 plus one protection unit
50}, one protection switch & test conversion unit 52 (PSTU),
two clock & time slot interchange units 54 (CTSUs) (one
active and one standby/protection unit), six coax master nnits
86 {(CXMUs) (three active and three standby/protection
unils}, two shell control units 58 (SCNUS) {one active and
one standby/protection vnit), and two power supply units 60
{(PWRUs} (two load-sharing units which provide the appro-
poiate HD'T valtages from a central office supply}. The DS1U
unils can also be adupted 10 ansler duly in the standard E11F
format, if desired.

The HDT 12 comprises all the common equipment func-
tians of the telephony transport ol the communication system
10. The HDT 12 is normally focated in a central office and
directly interfaces to a local digital switch or digital network
element equipment. The HDT provides the nctwork interface

62 for all telephony inlonnation. Each HDT accommodates

From 2 1o 28 DSX-1 inpuids at (he network interface 62, rep-
resenling 4 maximum of 672 D80 channcls. The HDT 12 also
provides all synchronizatian for telephony transport in the
system 10. The HDT 12 may operate in any one of three
synchronization modes: external timing, line (iming or inler-
nal timing. External timing refers to synchronization to a
building inteprated timing supply reference which is sourced
from a central office in which the [TDT 12 is located, Line
timing iz synchronized to the recovered clock from a DSX-1
signaf normzlly derived from the local digital switch. Intemal
liming is a [ree-nmning or hold-over operation where the
ITDT maintains iis own synchronization in the absence of any
valid reference mputs.

The IIDT 12 also provides quarter-DS0 grooming capa-
bititics and implements a4 4096x4096 full-access, non-block-
ing quarter-DS0 (16 kbps) cross-conuect capability. This
allows 13805 apd quarter-1380s {ISDN "1 channels) to be
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routed [rom any timesiot at the DSX-1 neiwork interface 62 to
any customer serviced by any ISU 100,

The HDT 12 further pravides the RF modem fonctionality
required for telephony transport over the HIFC disiribution
nelwork 11 including, the MCC modem 82. The DT 12
accommexlates up to three active CXMUs 56 for providing
the modem inferface to the IFC dislribution network 11 and
also provides one-for-one protection for each active CXMU
56. :

The HDT 12 coordinates (he telephony lransport sysicm
including contre! and communication of many 15Us of the
multi-paint ko peint communication system 16, Each HDT 12
module perlorms a function. The D811 module 48 provides
the interface to lhe digital network and TISX-1 termination.
The PSTU 52 provides DS1U equipment profection by
switching the prolection DS11J 50 for a faited DSITT module
48. The CTSU 534 provides the quarter-DS0 timeslot proom-
ing capability and all system synchronization functions. The
CTSU 54 also coordinates all call processing in the system,
The CXMII 56, described in further detail below, providesthe
modem funclionatity and interface for the OFDYM (elephony
iemsport over the HFC distribution neiwork 11 and the
SCNU 58 supervises he operation of the entire communica-
tion system providing all OAME&P functions for telephony
transport. Most processing of requests for provisiosing is
performed by the SCNU 58.

Downstream Telephony Transmitier

The downstream (elephony transmitter 14, shown in FIG,
4, takes the coaxial RF outputs 22 from the active CXM1Us 56
ofthe FIDVT 12 which carry telephony information and control
data and combines the oulputs 22 inlo a downsiream iele-
phony transmission signal. The electrical-to-optival comver-
sion logic required for the optical iransmission is impic-
mented in a stand-alone downstream telephony transmitter 14
rather than in the HDT 12 {o provide a more cost efleciive
transporl solution. By placing this function in a separate
component, the expense of (his fonetion does not need to be
replicated in each CXMU 56 of the HDT 32. This reduces the
cost of the CXMU 56 function and allows the CXMU 56 to
transmit and receive over coaxX instead of fiber. The down-
strzam telephony transmitter 14 also provides for transmis-
sion on redundant downstream fber feeder lines 24 to an
ODN 18.

The downstream telephony fransmitter 14 is co-located
with the HDT 12 preferably within & distance of 100 [eet or
less. The downsiream telephony transmitter 14 receives the
coaxial RF outpots from the active CXMUSs 56, each within a
6 MHz frequency band, and combines them al combiner 25
inio a single RT signal. Bach § MHz frequency band is sepa-
raied by a guird band as s known to one skilled i1 the ard.
Downstream telephoury infonnation is then transmitted in
about the 723-800 MHz frequency band. The telephony trans-
mitter 14 passes the combined signal throngh a 1-10-2 splitler
{not shown), thereby producing redundani downsiream elec-
trical signals. The two redundant signals arc cach delivered to
redundant faser transmitlers 501 [or electrical-to-optical con-
version and the redundant signals modulale un optical output
such that the output ol the downstream telephony transmitter
14 is on two optical feeder Hnes 24, each having an identical
signal modulaled thereon. This provides protection for the
downstream lelephony portion of the present system. Both
Fabry-Perot lasers in the telephony transmitter 14 are aclive at
all times. All protection functons are provided at the receive
end ol'the oplical transmission (located at the QDN 18) where
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one of two reccivers is sclected as “active™; therefore, the
lelephony tmansmitier 14 requires no prolection switching
capabilities.

Upslream Telephony Recciver

The upstream telephony receiver 16 performs the optical-
to-electrical conversion on the upstream optical telephony
signals on the vpsiream optical [eeder lines 26 from the ODN
18. The upstrcam telephony receiver 16 is normally co-lo-
cated in the central office with the HD1' 12, and provides an
clectrical coaxial output (o the IIDT 12, and a coaxial output
23 1o be provided 10 a video sei-top controller (not shown),
Upstream telephony information is routed via coax Hincs 28
[rom the upstream telephony receiver 16 to aclive CXMUs 56
of the HD'T 12, The cnaxiatl link 28 between the HIY1 12 and
the wpstream felephony receiver 16 is preferably limited to a
distance of 100 feet or less and is an intra-office link. Video
set-tap confroller infarmation, as deseribed in the Video
Transport section hereof, is located in a bandwidth ol the RF
spectrm of 5-40 Mz which is not utilized for upstream
telephony transport such Lhat it is transmitted along with the
upslream telephony inlormation.

The upstream telephony receiver 16 has dual receivers 562
[or the dual upstream oplical Gber [oeders lines 26. These
{eeder lines 26 carry redundant signals from the ODN 18
which contain both telephony information and control data
and also viden set-top box information. The vpsiream tele-
phony receiver 16 performs automatic protection swilching
on the upstream fecder lines 26 from the QDN, The receiver
502 selected as “active” by protection logic is split to feed Lhe
coaxial outputs 28 which dove the HDT 12 and output 23 is
provided to the sct-top controller (not shown),

Optical Distribution Neode

Refleming to FIG. 5, the ODN 18 provides the inferface
between the optical feeder lines 24 and 26 from the HDT 12
and the coaxizal portion ol the HFC distribution network 11 to
the remote units 46, As such, the ODN 18 is essentially an
optical-to-electrical and electdeal-to-optical converler. The
maximum diglance over coax of apy ISU 100 from an ODN
18 is preferably about 6 km and the maximum length of the
combined optical {oeder linc/coaxial drop is preferably about
20 km. The aptical feeder line side of the QDN 18 terminates
six fibers although snch number may vary. They include: a
downsiream video [eeder line 42 (single [iber from video
splitter 38), a downstream fclephony lecder line 24 (from
downstream telephony transmitier 14), a downstream lele-
phony protection feeder line 24 (Trom deavosiream telephony
transmitter 14), an upstream telepheny feeder line 26 (to
upstream telephony receiver 16), an upstream protection
feeder line 26 {fo npstream telephony receiver 16), and a spare
fiber (not shawn). The OGN 18 provides protection switching,
functionality on the receive optical feeder lines 24 from the
downstream lelephony fransmiller. The ODN provides redun-
danl lransmission on the upstream oplical feeder lines 26 to
the upsiream telephony receiver. Protection on the upstream
optical leeder lines is controlled at the upstream telephony
receiver 16. On the cosxial distribuiion side of ODN 18, the
ODN 18 terminates up to four coaxial legs 39.

In the downstream direction, the ODN 18 includes down-
stream telephany receiver 402 for comverting the optical
downstream telepheny signal info an electrical signal and a
bridper amplifier 403 that combines it with the converted
downstream video signal lrom downstream video recefver
400 terminated ai the ODN 18 from the VHDT 34. This
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combined wide-band electrical {elephonyfvideo signal is then
transporied in the spectum allocated for downstream trans-
mission, for example, the 725-800 MHz band, on each of the
four coaxial legs of the coaxial portion of the ITFC distribu-
tion network 11. As such, (his electncal tefephony und video
signal is carried over the coaxial legs 30 to the ISUs 100; the
bridger amplificr 403 simultaneously applying [our down-
stream electrical tclephany and video signals 1o diplex filters
406. The diplex filters 406 allow for full duplex operation by
separating the transmil and receive functions when signals at
two different frequency bandwidibs are utilized for upstream
and downstream transmission. There is po frequency conver-
sion availabie at the ODN 18 for dewnstream transpor as the
telephony #nd video sipnals are passed through the ODN 18
to the remote uniis 46 via the coaxial podion of HFC disiri-
bution network 11 in the same [requency bandwidlh as they
are received at the ODDN 18. As shown in FIG. 1, each coaxial
leg 30 can provide a significant number of remote nits 46
with downstream electrical video and telephony signals
through a plumlity of coaxial laps 44. Coaxisl taps 44 com-
monly known to one skilled in the art act as passive bidirec-
tional pickoffs of cleclrical signals. Each eoaxial leg 30 may
have 1 number of coaxial taps comected in a serjes. Tn addi-
tion, the coaxial portion of ihe HFC distribnfion network 11
may use any number of amplifiers o extend the distance data
cau be sent over the coaxial portions of the system 10, The
dawnsiream clectrical video and telephony signals are then
provided to an 1SU 100 (FIG. 8), which, more specifically,
may be an HISU 68 ar an MIST 66 as shown in FIG. 1.

In the upstream direction, telephony and sel {op box infor-
mation is received by the OTIN 18 at dipiex fillers 406 overthe
Tour coaxial Jegs 30 in the RF spectrum region from 5 to 40
MHz. The ODN 18 inay include optional frequency shiflers
64 equipped on up to three ol four coaxial legs 30. These
frequency shifters 64, il utilized, mix the npstream spectum
on acoaxial leg to a higher [requency prior to combining with
the other three coaxial legs. Frequency shifiers 64 are
designed ta shilt the upstream spectrum in multiples of 50
MHz. For example, the frequency shifters 64 may be provi-
sioned 1o mix the upstream information in the 5-40 MI1z
porlion of the RF spectrum to any of the following ranges: 50
to 100 MHz, 100to 1 50 MI1z, or 150 1o 200 MHz. This allows
any coaxial leg 30 to use the same porlion of the upstream RF
speclrum as another leg withowt any specirum contenfion
when the upstream information is combined ai (he ODN 18.
Provisioning of frequency shiflers is optional on a coaxial leg
30. The ODN 18 includes combiner 408 which combines the
electrical upstream (clephony and set top box information
from all the coaxiad tegs 30 (which may or may not be fre-
quency shilled} to form one composite upstream signal hav-
ing all upstream inlurmation present on each of the four
coaxial legs 30. The composite electrical upstream signal is
passively 1:2 split and each signal feeds an upstream Fabry-
Perot laser transmitter which drives a camresponding
upstream fiber feeder line 26 for iransmission (o the upstream
telephony receiver 16.

FIG. 7 ilinstrates an cmbodiment of a frequency shifler,
indicated penerally at 64', for use in ODN 18 of FIG. 5.
Frequency shilicr 64’ comprises a mixer 700 that is coupled fo
receive and shill the frequency band of RF signals in the
upstream direction from diplex filter 406 for a coaxial leg 30.
An outpul of mixer 708 is coupled through a bandpass filter
704 to combiner 408. F.ocal oscillator 702 is coupled to pro-
vide a signal to confrol the operation of mixer 700.

In aperation, [requency shifter 64' shifts a block of RF
signals from a first frequency range lo a second {requency
range. For exanple, as mentioned above, (he RF signals pro-
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vided to [requency shifller §4' may comprise RF signals in the
range from 5 to 40 MHz. In one embodiument, ODN 18 com-
poses three frequency shifllers 64'. 1n this embodiment, the
Jocul oscillators 702 of the three [requency shifters provide
signals of 76 MHz, 149 MHz, and 222 MHz, rcspectively.
‘Thus, frequency shillers 64° respectively shift the upstream
RF signals approximately to the 50 to 100 MHZ, 125 1 175
MEIZ and 200 to 250 MHZ mnges.

If the upstream telephony and set top box signals arc
upshifted at the ODN 18, tlie upstream telephony receiver 16
ncludes frequency shifiers 31 to downshilt the signals
according, to the npshiiting done at the ODN 18. A combiner
33 then combines the downshifted signals for application of a
combined signal to the HDT 12. Such downshifling and com-
bining, is only utilized if the sipnals are vpshifted at the ODN
18.

FIG. 6 illustrates an embodiment of a frequency shifier,
indicated generally at 31", for use in telephony upstream
receiver 16 al FIG. 3. Frequency shiller 31' retums a black of
RT signals shifled by [requency shilter 64' to original ire-
quency mange of the block. Forexample, requency shifter 31°
may return a block of RF signals to 5 1o 40 MHz from 50 to
100 MHz.

As discussed in mare detail below, the upsiream leiephony
signals processed by frequency shifters 31° and 64" are typi-
catly OFDM signals. Thus, frequency shifiers 64' must relam
the RF signals to the original frequency range without intro-
ducing adverse phase and frequency errors. To reduce the
likelihood of this comuption of the OFDM signals, frequency
shifler 31" locks its local oscillaior to the local oscillator of a
corresponding frequency shilter 64" using a pilot fone trans-
mitled from ODN 18 (o telephony upstream receiver 16,

Frequency shiffer 31" inclwdes a bandpass Glicr 706 that is
coupled to receive an RT signal from ODN 18. Bandpass filter
7046 is coupled to a splitter 708. Splitter 708 is coupled o
provide the RF signal to an input of mixer 718. Furiker,
splitter 708 provides a second outpul that is used Lo generate
a Jocal ascillator sighal for mixer 718, This local ascillator
signal is phase locked with a corresponding local oscillator
702 ol frequency corverler 64'. This sceond ontput of splitter
708 is conpled to phase detector 712 through bandpass flter
710. Phuse detecior 712 is coupled (o provide a control signal
10 vollage controlled oscillalor 714. Voliage controlled oscil-
jalor 714 is coupled through splitier 716 to provide the local
asciliator sipnal to mixer 718. Splitter 716 furiher provides a
Teedback signal {0 phase detector 712.

In operation, phase detector 712 phase locks local oscilla-
tor signal of frequency shifter 31' with focal oscillaior 702 of
a corrcsponding, frequency shifter 64'. Phase detector 712
compares the pilot tone from ODN 18 with the fecdback
signal from volage controlled oscillator 714 to generale the
control signal for vollage controlted oscillaior 714, Conse-
quently, the local oscillator signat provided to mixer 718 is
phase locked with the corresponding local oscillator 702 of
Trequency shifter 64'. Mixer 718 uses the local oscillator
signal from splitter 716 and voltage controtled oscillator 714
to shift the block of RF signals received by [requency shifter
31' to the onyginal frequency range of the block of RF signals.
Advantageonsly, unacceptable modifications of the OFDM
upstream sipnal by frequency shifiers 64' and 31’ arc (hus
avoided.

Integrated Services Unit (I51s)
Referring to FIG. 1, the ISUs 100, such as HISU 68 and

MISU 66, provide the inferlace between the HFC distribution
neiwork 11 and he customer services for remote units 44,
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‘Iwo basie types of 18Us are shown, which provide scrvice to
specilic cuslomers. Multiple user integrated service unit 66
{M15Us) may be a mullipkes dwelling inlepraled service unit
or a business integrated service unit. The multipie dweliing
infegrated scrvice unit may be used for mixed residential and
business environments, such as multi-fenant buildings, smalt
businesses and clusters ol homes. These customers require
services such as plain old telephone service (POTS), data
survices, DS1 services, and standard TR-57 services. Busi-
ncss integrated service vnils are designed 1o service business
environments. They may require more serviees, {or example,
data scrvices, ISDN, DS1 services, bigher bandwidth ser-
vices, such as video conflerencing, ete. Home infegrated ser-
vices units 68 (HISUS) are used for residential environments
such as simple-lensant buildings and duplexes, where the
iniended services are POTS and basic rate integrated digital
services network (ISDN). Description for ISUs shall be lim-
ited to the HISUs and MISts for simplicity purposes as
multiple dwelling and business integrated service units have
similar functionality as far as the present invention is con-
cerned. .

All18Us 100 impicment RF modem luncticnality and can
be generically shown by ISU 100 of FIG, 8. 15U 100 includes
ISU medem 101, coax slave controlier unit (CXSU) 102,
channel units 103 lor providing customer service interface,
and diplex flter/tap 104, In the downstream direction, the
clectrical downstream telephony and video signal is applicd
to diplex filter/tap 104 which passes telephony information to
ISU modem 101 and video information to video equipment
via an ingress fitter 105 in the case ol a [1ISU. When the ISU
100 is a MISU 66, the video informalion is rciected by the
diplex filter. The 18U modem 101 demodulates the down-
stream telephony information ulilizing a modem correspond-
ing to the MCC modem 82 used for modulating such infor-
mation on orlhogonsl multicarriers of HDT 12. I1SU 100
demodulates downslream telephony infomation from a
coaxial distribution leg 30 in & provisionsble 6 MITz [re-
quency bund. Timing generation 107 of the 15U modem 101
provides clocking for CXSU 102 which provides processing
and controls reception and transmission by TSU modem 101.
The demodulated data from ISU modem 101 is passed to the
applicable channel units 103 via CXS1J 102 depending upon
the service provided. For example, the channel units 103 may
include line cards for POTS, D81 services, ISDN, other data
services, etc. Each ISU 1{H provides nccess 1o a fixed subsct
of ail channels available in a 6 MI1z Irequency band corre-
sponding to one of the CXMUs of HD'L' 12. This subset ol
channels varies depending upon the type of ISU 104. An
MISU 66 may provide access to many DS0 channels ina 6
Mtz frequency band, while an HISU 68 may only provide
access to a few DS0 channels. .

‘The channel units 103 provide teleplony information and
conirul data 10 the CXSU 102, which provides such data to
15U modem 10 and controls 1ISU modem 101 for modulation
of such telepbony data and conlrol dala in a provisional 6
Mz frequency band for transmission onto the coaxial dis-
tribution leg 30 commected thereto. The upstream 6 Mz
frequency band provisionable for transmission by the ISU
100 to 1he [IDT 12 corresponds to one of the downstream 6
MHz bands utilized for ransmission by the CXMUs 56 of
HDT 12.

The CXSU 102 which applies demodulated data from the
15U modem 101 to the applicablc channel units, performs
data integrity checking on the downstream }{ bit DSO+ pack-
ets receivexd [rom the 1SU modem 101, Each ten bit DSO+
packet as described below includes a parily or data integrity
bit. The CXSU 102 will check the parily of each downstream
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10 bit D80+ channel it receives. Further, the parity of cach
upstream IS0+ received from the channel units 103 is calcu-
lated and a parity hit inserted as the tenth bit of the upsircan
DS0+for decoding and identification by the IIDT 12 of an
error in the npstream data. If an error is detected by CXSU
102 when checking the parity of a downstream [0 bit DS0+
channel it receives, the parity bit of the comesponding
upstream channel will be intentionzlly irverted to infonn (he
IIDT 12 ol a parity crror in the downstream direction. There-
fore, the upstream parity bit is indicative of emors in the
downstream DS+ channel and the corresponding upsiream
D[S0+ channel. An example of such a parity bit peneration
process is described in 1.5, paternt application Ser. No.
08/074,913 entitled “Point-to Muliipoint Performance Moni-
toring and Faiture Tsolation Sysicm™ assigned ta the assignee
hereof and entirely incorporated herein by relerence. This
upsiream parity bit s ulilized in channel maonitoring as
described lurther below. As would be apparent to one skilled
in the art, the pardty checking and generation may be per-
formed, at least in part, in other elememts of the ISTY or
associated therewith such as the channel nnits,

Each ISU 100 recovers synchronization from downsircam
ransmission, generales all clocks required for ISU data trans-
port and locks these clocks to the associated HDT timing. The
181Js 100 also provide call processing functionality necessary
to detecl cusiomer line seizure and line idle conditions and
transmit Lhese indicalions to the HDT 12, ISUs 100 terminate
andl recetve control data from the HDT 12 and process the
control data received therelrom. Included in this processing,
are messages to coordinate dynamic channel allocation in the
communication system 10. Finally, 1SUs 100 gencrate 1517
operating voltages from a power signal reccived over the HFC
distribution network 11 as shown hy the power signal 109
taken from diplex filterftap 104,

Tata Path in HDT

The lollowing is a delailed discussion of the data path in the
host digital terminal (HDT) 12. Referring io FIG. 3, the duta
path between the network facilily a1 the network interface 62
and the downstream telephony iransmitier 14 proceeds
through the DS1U 48, C1TSU 54, and CXMU 56 modules of
the HIYY 12, respectively, in (he downsircam direction. Each
ST 48 in the HDT 12 takes four [2S1s from the network
and fornats this information into four 24-chamnel, 2.56 Mbps
data streams of modified DSQ signals refemred to as CTSU
inputs 76. Eacl: 250 in the CTS input has been modified by
appending a ninth bit which can cariy multifeme {iming,
s1gnaling inlormation and control/status messages (FIG. 9).
This modified DSG is relerred 1o as 2 “DS04.” The ninth bit
sigpal (NBS) carries a patiern which is updated cach frame
and repeats every 24 frames. This maps cach 64 kbps DSO
[rom the nelwork info a 72 kbps DS0+. Thus, the twenty-four
D5¢ channels avatlabie oneach DS1 are formaticd along with
overhead information into twenty-four DS+ channcls on
cach of four CTSU input strcams,

The ninth bit signaling (NBS) is 2 mechanism developed to
carry the multifrante timing, cut-of-band sipnaling bits and
miscellancous slatus and controf information associated with
cach D50 between the DSIU and the channel units, 3ts muin
functions are to carry the signaling bils to channel units 193
and to provide a multiframe clock (o the channe} upits 103 so
that they can insert upsirean: hit sijmaling info the DSQ in the
correct frame of the muitiframe. Becanse downstream DS0s
may be coming [rom DS1s which do oot share the same
multiframe pbase each T3S0 must carry a multiframe clock or
marker which indicates the signaling frames associated with
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the origination DS1. The NBS provides this capability. Nm(h
hit signaling is transparent to the OFDM modeim transport of
the communication system 10,

Tp Lo eight DS1T)s 48 may beequippedinasingle ITDT 12;
mcluding seven active DSTUs 48 and a protection DSIU
module 50. Thus, 32 CYSU inputs are connected between the
181Us and the CTSUs 54 buf a maximum of 28 can be
enabled 0 carry traffic at any one time, The four remaining
CTSU inputs are from either the protection DS 1T or a failed
D51U. The PSTU incindes switch control for switching (he
protection DS1U 50 for a failed DSI1TL

Bach CTSU input is capablc of carrying np to 32, 10-bit
channels, the first 24 channels carry DS0+5 and the remaining
bandwidth is nnused. Each CTSU input 76 is clocked at 2.56
Mbps and is synchronized to the 8 k= internal frame signal
(FIG. 11). This corresponds 1o 320 bits per 125 j» [rume
period. These 320 bils are framed as shown in FIG. 9. The
fourteen pap bite 72 at the beginning of the [rame carry only
a single aclivity pulse in the 2nd bit position, the remaining 13
bits are not used. O the following 288 bits, the first 216 bits
pormally carry twenty-four D80+ channels where each DS0+
corresponds 1o a standard 64 kbps DSO chaonel plus the
additional 8 kbps signaling bil. Thus, cach DS0+has a band-
width 0f 72 kbps {nine hits every § kRz framc). The remaining
72 bits are reserved for additional DS payload channels.
‘The final eiphteen bits 74 of the [rame are unused gap bils.

The clock and time slot interchange unil 54 (CTS) ofthe
HDT 12 takes information from up {0 28 active CI'SU input
data streams 74 and cross-connects themn (o up to twenty-four
32-channcl, 2.56 Mbps output data streams 78 which are
input to the coax master units (CXMUSs) 56 of the HDT 12.
The format of the dala streans between the C1I'SU 54 and ihe
CXMUs 56 is referred to as a CTSU ontput. Each CESU
outpul can also carry up to 32, 10-bit channels like the CTSU
input. The first 28 carry traffic and the remaining bandwidth is
unused. Bach CTSU output is clocked at 2,56 Mbps and is
synchranized to the 8 kHz internal framing signal of the HDT
12 (F1G. 11}, This corresponds to 320 bits per 125 ps frame
periad. The frame structre for the 320 bits are as described
above for the CTSU input structure.

The HDT 12 has the capability o[ 1ime and spacc manipu-
Iation of quarter-DS0 packets (16 kbps). This [unclion is
ampiernented wilh (he time slot inferchange logic (hai is part
of CTS1J 54. The CTSU implemenis a 4096x4096 quaricr-
DS0 cross-connect function, aithough not all fime slots are
utilized. In narmal operation, the CTSU 54 combines and
relocates up to 672 dewnstream DS0+ packets (orup to 2688
quarler-DS0 packets) arranged as 28 CTSU inputs of 24
DS50+s each, into 720 DS0+ packels (or 2880 quarcr-DSO
packels) arranged as 24 CTSU oulipuis of 32 DS0+s each,

The system has a maxinmum throughput of 672 DS04+ pack-
ets at the network interface so not all of (he CTSU output
bandwidth is usable. Il more (han {he 672 channels are
assigned on the “CTSU outpwt™ side of the CTSU, (his
implies concentration is being wiilized. Concentration is dis-
cussed [urther below.

Lach CXMU 56 is cannected to receive eipht active CTSU

. outputs 78 from the aclive CTSU 54. The eipht CTSU outputs
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are clocked by a 2.56 MHz system clock and each carries up
lo 32 DE0+s as described above, The DDS0+s are further
processed by the CXMU 56 and a tenth parity bit is appended
to each DB0+resulting in a 10 bit DSO+. These 10 bit packets
coninin the D50, the NBS {ninth bil signal) and the parily or
data integrity bit (FIG. 10). The 10 bif packeis arc the data
transmitted on the HFC distribation network 11 to the 1SUs
100. The 10th bit or data mtegrity bit inserted in the down-
stream chamnels is decoded and checked at the 15U and uti-
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lized {0 calculate and generale & parity bit for corresponding
channels in the upstream as described above. This upsiream
parity bit which may be representative of an crror in the
downsiream or upstream channel is utilized to provide chan-
nel protection or monitoring as furiher described hercin.

CI'5U 54 is also capable of applying a conventional Reed-
Soloman code o transmitted payload data for running error
correction. Such codes carry an overhead which must be
bome by the inciusion of error-correcting symbols in cach
hlock or messape transmitted. Generally, two check symbols
are required to comreet one cormipted data symbot in a mes-
sage. (The incorrect symbol may contain any number of
errors in its 3 bits, as long as all bit errors are conlined 1o the
same symbol. But even a single incorrect bit in each of two
symbojs counts as two errors.) Short messages impose less
compulalional overhead on a syslem, but can correct fewer
errors in the message. Converscly, long messages rexquire
more computation and more latency before the corrections
can be applied, but their error-correciion ability is greater,
T1G. 54 represents, [or an example sysiem, the probability of
an vncorrectable error in a frame for various ermor probabili-
ties in one individusal symbol. The solid curve shaws the error
performance fora 21 -frame message having, 19 fames ol dala
symbals and two frames of error-correetion code; the dashed
curve represents a 41-frame message having 37 daia and four
code frames; the dotted curve pives the best performance,
with 73 data frames and eight code frames in sn 81-lrame
MCSsape.

The present system allows a choice of different error-cor-
reclion gbiliftes fordiflerent fypes of data. For example, voice
dala is highly redundant, and necds little defense against
crrors. Financial (ransaction data, on the other band, wants a
large depgree of data integriiy. In addition, it may be desimable
ta allow a user to select, and pay [or, whalcver degree of error
carrection that he desires, CTSU 54, FIG. 3, mcludes a con-
ventional “provisioning table,” which specilics a number of
parameters relating to parficular payload channels. FIG. 58
shows a provisioning, tmbie 4411 having an added column
coptaining indications for several different amounts of crror
protecction. Tn method 4430, step 4412 reads the entry for a
particular channel te be set up. In this implemeniation, the
entry may specily message lengths of 21, 41, or 81 hits,
respeclively having (he ability to correct 1, 2, or 4 symbols;
the eniry may also specify no correction, in which case mes-
sage blocks do not apply. Step 4413 cocodes the table entry in
an 10C message and sends it 1o the ISU whose address
appears in that row of table 4411, A general purpose proces-
sor in CX8U 102 of the ISU stores the frame length in step
4414. As the CXSU reccives data from: modem 101, FIG. 8, it
decodes the frames of an entfire messape, 4415, then decodes
the check symbols for the message, 4416, and signals an eror,
4417, il one cxists in the message. Steps 4415-4417 repeat for
subscqueni messages. The ISU employs the same provess 1o
send frames upstream (o the head end, using the frame length
setting specified in step 4414.

Within both CXSU 102 at the ISU and the CXMU, TIG. 12
atthe HDT, a 21 -frame message or block requires 19 symbol
or [rame times to decode the message, then has two frames of
latency while its two check symbels are decoded. A 41-frame
message nses Tour frames of time for compulation of any
crrors Trom the four check symbois following its 37 data
symbaols. An §i-lrame message presents any error indication
8 [rame limes alier the end of its 73 data frames. (One extra
[rame of delay is imposed in the downstream direction due to
renapping at the IIDT.) I all messages were to start at the
same time for all channels in an entire band, the computa-
tional load in the HDT woulkl peak during the check-symbol
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frames, and would be lower at oiher limes. Since the proces-
sor must be capable ol handling the peak loads, its power is
undenztilized at other times.

The present system allows a lower-capacity processor to
handle error correclion by slaggenng the beginning limes of
difierent messages in different subbands of channels, so that
not al! othem come due at the same fime. ‘That is, the starl of
a message in any channel of a suibband is ofsct [rom the start
of a messape or “multifrane” signal, to be described, by a
predelermined number of frame times of 125 ps cach. The
tablc below shows how the 24 subbands o[ FIG. 16 are offset,
Tor each message length which can be selected.

TABLE 1
Sobband 21 frames 41 frames 81 hames
] [¢] 1] 0
1 0 [H] 1
2 4 1 2
3 0 1 3
4 1 2 4
5 1 2 5
6 3 3 6
7 1 3 T
8 2 4 3
9 2 4 ¢
10 2 5 10
11 2 5 11
12 3 6 12

Only 13 subband setings are required, since no Uait funes
more than 130 channels. Giving all 10 channels of each suh-
band the same offset does not overload the processors of the
remote units. However, the head end (HIYT), which receives
and transmits all channcls, can enjoy signiflicant refict from
pot having to encode or decode (he check symbols for all
channels at the same time.

FIG. 56 shows sleps 4420 for performing frame staggering.
Step 4421 repeats method 4420 for all active payload chan-
nels. Slep 4422 accesses the current messages for the chan-
pels in one subband. Step 4423 caleulates the 1, 2, or 4
Reed-Soloman check words forthe 21, 41, or 81 messape data
words. Step 4424 waits N frames past the start of a mult-
frame, whereupon siep 4425 scnds the message to modem 82,
FI1G. 3 for transmission.

Af a remote ISU, CXSU perloms the same steps 4424 for
upstream messages. Step 4422 i3 required only in an MISU,
because atl channcls in an H18U reside in the same subband.
Method 4420 may be performed al both ends of (i system, as
described herein; it may alse be perfomned only at one end,
cither [IDT or ISU. Staggering {rom the 15U to the [IDT is
preferatle if only ope end is staggered, because the most
crilical processing load is the error-correction ofali 240 chan-
nels in the upsiream receiving modem, FIG. 26.

The use of error-correcting codes along with uncncoded
data raises problems in a real-lime lransporl system. Data
arrivis from the (nmk line 241, FIG. 1, al a constant mie. This
data must be transmitled downstream in the same lime dura-
tion, whether it is encoded along (he way, or sent unencoded,
Likewise, upstream data vsually must be runsmitted at the
same rale wheilher or not it 1s encoded. ‘That is, the use of
crror-correcting codes st be time-transparent at both ends
of the system. But emror-correcting, codes require the (rans-
missinn of check digits or symbois along with the data, The
present system resolves this difficulty by packing the data
words differently i they are encoded, As explained above, the
basic unencoded word length for a DS0++ channel is ten bits:
eight data bits, a signaling (NBS) bit, and 2 parity bit. When
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cncoding is used, however, this lormat is changed to nine-bit

words, with & singlc parity bit Tor the cotire message. Thisis -

the reason for the choice of frame sizes [or he encoded
modes. A 21-frame message contains 19 data {rames, which
woull orlinarily be transmitled as 10x19=190 bits. Those
same data frames, packaged as nine-bit words along with two
mine-hit check words, require (19+2)x9=189 bils; adding onc
more parify bif covening Lhe enfire message tock gives 190
bits, the same number as thai required for the unencoded
version of the same data. The 41-frame message has 37
[rames of data, or 370 bits in vnencoded 10-bit format.
Encoded as 37 nine-bit words along with four check words,
the same message requires (37+4)x9-=369 bils; again, u single
additional parity bit yield the 370 bits ol the same data in
unencoded form. The 81-frame [ormat has 73 data words, &
check words, and a parity bit, yielding the same number of
bits as 73 data words in }3-bit form.

There are many other combinations of numbers which
yield similar results. These can be lonnd heuristicalty without
a greal deal of experimenfation. The first step i5 to eslimate
rough numbers of lange (parity-bearing ) words it one or mare
message sizes, and the number of errors desired to be correct -
able for each size. The next step is to delenmine a number of
smaller (non-parity) words Lhat carry the same amount of
data, but which form a total message the same size or slightly
smaller than the total pumber of bits in the large-wornd formal.
Any excess bits then are assigned ta parity over the block——or

to any other function, for that matter. For example, if two bits ;

are left over instead of one for each message, they could
represent bwo parity bits over the messape, two control or
Tormal-designation bits, eic. The use ol check symbols, of
course, greally reduces the need for parity or other forms of
crror delection. In [acl, while (he present system uses the
message-parity bit as parity in the downslresm direction, the
ISU deliberately sets the: panty bif to 2n incorrect value in an
upstream message if it was incogrect in the downstream mes-
sape. This serves to signal the HDT that a bit error was
encountered, when the HDT wonid not otherwise be awarc ol
it; this in tumn allows the HDT to keep more accurate statistics
on channel quality for reallocating channels, or for ather
purposes.

FIG. 57 shows a method 4430 for adding the “code pack-
ng” feature to the method 4420 of F1G. 58. Stcp 4431 repeats
the steps for all channels. Step 4432 Jeicrmines whither the
data [or the channel is 1o be encoded or not. I not, step 4433
merely transimits it word-by-word to the modem. Ifi is to be
encoded, step 4434 strips the parity (or other) bif(s) [rom cach
word. After step 4435 has formed the check words, step 4436
calculates the message-wide parity, or other desired function.
Thercafier, step 4437 waits the proper number of frame fimes
(as specified by method 4420, and step 4338 sends (he mes-
supe 1o the modem as before. In the upsiream direction, the
reverse path through the HDYT is substantially a mirror of the
[orward path lhrough (he ITDT 12. For example, the tenth

" panty bif is processed at the CXMU 56 and the signat [rom the
CXMU 56 to the CTSU 54 15 in the lormut ol FIG. 9.

The round trip delay of & DS0 is the same lor cvery data
path. The time delay over the path from the downsiream
CTS1F outpust, through CXMU 56, over the HFC distdbulian
network to the ISTT 100 and then from the ISU 100, back over
the FIFC distribution network 11, through CXMLU 56 and to
CTSU 54 is conlrolled by upstream synchronization, as
described in detail below. Generally, path delay is measured
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for each IS and if it is not the correel number of frames long,
the delay lengih is adjusted by adding delay to the path at the
1S 100.

Coux Master Unit (CXMU)

The coax master unit 56 (CXMU), shown in TIG. 3,
includes the coax master card logic 80 (CXMC) and the
master coax card (MCC) modem 82. As previously described,
up to six CXMUs may be equipped in an BI¥l 12. The 6
CXMUJs 56 include three pais of CXMUSs 56 with each pair
providing for trmnsmit in & 6 MHz bandwidth. Each pair of
CXMUs 56 includes one active CXMU and a standby
(XMU. Thus, anc io one prateciion for each CXMU 1s pro-
vided. As shown in FIG. 3, both CXMUs of the pair are
provided wilh upstream telephony data from the upstream
telephony receiver 16 and are capable of ransmitling vis the
coaxial line 22 o the downstream tetephony transmitter $4.
As such, only a contro] signal is required to provide lor the
one-te-one protection indicating which CXMU 56 of the pair
is to be used for transmission or reception.

Coax Master Card Logic ({CXMC)

The coax master card logic 30 (CXMC) of the CXMU 56

{FIG. 12), provides Lhe interface between the data signals of

the H1Y! 12, in particular of the CTSU 54, and the modem
interface for transport of data over the HFC distriition net-
work 11. The CXMC 80 interfaces directly to the MCC
modem 82. The CXMC 89 also implements an TSUF opera-
tions channel (ranscejver for multi-point to point operation
between the HDT 12 and all ISUs 100 serviced in the 6 MHz
bandwidh in which the CXMU 56 controls transporl of data
within. Referring to FIG. 12, the CXMC includes controlter
and logic 84, downstream data conversion BB, upstream dala
conversion 90, data integnty 92, 10C trnsceiver 96, and
timing genenilor 94,

Downstream data conversian 88 performs the conversion
{rom the nine-bit channe] format from CTSU 54 (FIG. 9} to
(he ten-bit channel format (FIG. 10) and generates the data
integrity bit in each downstrenm channel transported over the
HFC distribution network 1. The dala integrity bit represents
odd parity. Downsiream data conversion 88 iscomprised of at
least a FIFO buller used fo remove the 32 gap bils 72, 74 (FIG.
%) present in the downstream CTSU outpuls and nsed the
tenth, data integrity bit, on cach clunnel under control of
cantroller and logic 84.

The upstream dula conversion 30 includes at least a FIFO
builer which evaluaies the tenth bif (data integrity) appended
to each of the upstream channels and passes this information
10 the data mteprity circuitry 92. The upstream data conver-
sion 90 converts the data sircam of ten-bit channels (FI1G. 10)
back to the nine-bit channel format {IFIG. 9) for application o
CTISU 54. Such cenversion &s performed under control of
controiler and logic 84.

The controller and logic 84 also manages call processing
aod channel allocation for the telephory transporl over the
HFC distribution network 11 and maintains traffic statistics
over the HFC distribulion nefwork 11 in modes where
dynamic time-slot allocation is utilized, such as for providing
TR-303 scrvices, concenlration services commoniy known to
those skifled in the art. In addition, the controller 84 maintains
error statistics Tor the channels in the 6 MHz band in which
the CXMU (runsports data, provides software protocal for all
18U operations channel conununicalions, and provides con-
irel for the corresponding MCC modcm 82.
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The dala integrity 92 circuitry processes the output of the
ten(h bit evaleation of each upstream channe! by the upstream
conversion ¢ircuit 90, In the present sysiem, parity is anly
guaranteed to be valid on & provisioned channel which has a
call in progress. Because inifialized and activated ISUF trans-
milicrs may be powered down when the I51Js are idle, the
parity evaluation performed by the CXMC is not atways
valid. A parity error detected indicates either a transmission
error in an opstream channel or a fraasmission crror in a
downstream channel comresponding o the upstream channel.

The ISU operations channel (IOC}) transceiver 96 of the
CXMC 80 contains transmit buffers to hold messages or
control data from the controller and jogic 84 and loads these
1OC control messages which are a fixed total of 8 bytes in
fength into a 64 kbps channel to be provided o the MCC
modem 82 for transport on the ¥TFC distribution network 11,
Inthis implementation, all IQC channels carry the same infor-
mation at all times, That is, the IOC messages are broadcast
shmultancously over all the channels. This allows the use of
inexpensive and rugged narrow-band modems in the ISUs,
reserving (he more expensive and critical wideband models
Tor the DT, which uses only one modem {or an entire 6 MHz
band, and which can be located centrally in a controlled
enviromment. In the upstream direction, the I0C Iransceiver
receives the 64 kbps channel via the MCC modem 82 which
provides the controller and logic B4 with such messages.

The timing generator circuit 94 receives edundan! system
ciock inputs from both the active and protection CTSUs 54 of
the HDT 12. Such clocks include a 2 kHz HEC multifrme

signal, which is generated by the CTSU 54 to synchronize the 3

round trip delay on all the coaxial legs of the HFC distrbution
network, This signal indicates multiframe alignment on the
15U operations channel and is used 1o synchronize symbol
timing and datg reconstruction for the ransport system, A 8
kHz frame signal is provided [or indicating the first “gap™ bit
ol a 2.56 MHz, 32 chamne! signal from (he CTSU 54 to the
CXMU 56. A 2.048 MHz clock is gencrated by the CTSU 54
to the SCNLU 58 and the CXMU 56. The CXMU 56 uscs (his
clock for 15U eperations channel and modem communication
hetween the CXMC 80 and the MCC modem B2. A 2.56 MHz
bit clock is used for transfer of data signals between (he
DS1Us 48 and CTSUs 54 and the CTSUs 54 and CXMCs 56,
A 20.48 MHz. bit clock is utilized for fransfer of the 10-bit
data channels between the CXMC and the MCC.

Master Coax Card (MCC) Modem

‘The master coax card (MCC) modem 82 of the CXMU 56
inferfaces on one side to the CXMC 80 and on (he other side
to the telephony transmitter 14 and receiver 16 for trunsmis-
sion on and reception frosn the HFC distribulion network 11.
The MCC modem 82 hnplements the modem functionaliaty
for OFDM transport of telephony data and control data. The
block diagram of FIG. 3 identifics the associated intercon-
neets of the MCC modan 82 for botl upstream and down-
siream comommication. The MCC modem 82 is not an inde-
pendent module in the HDT 12, as it has no interface to the
BT 12 other than through the CXMC 80 of the CXMIUT 56,
The MCC modem 82 represents the fransport system logic of
the HDT 12, As such, it is responsible for implementing alt
requirements associated with information transport over Lhe
HFC distribution network 11. Each MCC modem 82 of Lhe
CXMUs 56 of TIDT 12 is aliocated a maximum bandwidth of
6 MHz i the downstream spectrum for telephony data and
contro} data transport. The exact location of the 6 MHzx band
is provisionable by the CXMC 80 over the compmnication
interface via the I0C transceiver 96 between the CXMC 80
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and MCC modem 82. The downstream transmission of tele-
phony and contro! data is in the RF spectrom of aboul 725 to
R00 Mtz

Each MCC modem 82 is allocated ammaximum of 6 MHz in
the upstream spocirum [or receipl of control data and tele-
phony data from the 18Us within the RT spectrum of about 5
to 40 MI1z. Again, the exact location ol the 6 MIiz band is
provisionablc by the CXMC 80 over the eommunication
interface between the CXMC 80 and the MCC modem 82.

The MCC modem 82 receives 256 1380+ channels [rom the
CXMC 80 in the forn of a 20.48 Mz signal as described
previously above. The MCC modem 82 transmits (his infor-
malion to all the ISUs 100 using the multicamier modulation
lechnique based on OFDM as previously discussed herein.
The MCC modem 82 also recovers 256 DSO+mukticarrier
channels in the upstream transmission over the HFC distri-
bution network and converts this information inta a 20,48
Mbps stream which is passed to CXMC 80. As described
previousty, the multicarrier modulation technique involves
encoding the telephony and controt data, such as by quadra-
ture amplitnde modulalion, inlo symbols, and then perform-
ing an inverse FET technigue (o modulate the (clephony and
cantrul dala on a set of orthogonal multicamers.

Symbo! alignment is a necessary requirement Tor the mul-
ticarrier modulation iechnique implemented by the MCC
modem 82 ancd (he ISU modems 101 in the JSUs 109, 1n the
downsireamn dircclon of transmissicn, all information at an
151 166 is generated by a single CXMU 56, so the symbaols
modulated on each multicarrier are automatically phase
afipned, However, upstream symbolalignment at a receiver of
the MCC modem 82 varies duc to the multi-point 1o point
neture of the HPC distribution network 11 and the tnequal
delay paths of the ISUs 100. In exder fo maximire recciver
efficiency at the MCC modem 82, all upsircam symbols must
be aligned within 4 namow phase margin. This is done by
ntilizing an adjustable delay parameter in each 15T 100 such
that the symbol periods ol all chunnels received upsiream
{rom the different ISUs 100 are aligned at the point they reach
the TIDT 12. This is part of the upstream synchronization
process and shall be described further below. In addition, to
maialain orthogonality of the multicarriers, the carder fre-
quencies used for the upstream transmission by the 181s 100
must be frequency locked to the HDT 12.

Incoming downstream information from the CXMC 80 1o
the MCC modeim 82 is frame aligned to (he 2 kHz and 8 kHz.
clocks provided to the MCC modem 82. The 2 kHz muli-
frame signal is used by the MCC modem 82 to convey down-
stream symbol timing to the ISUs as described in [urther
delail helaw, This multiframe clock canveys the channel cor-
respondence and indicates the multi-cacrier frame structure
s0 that the telephony data may be correctly reassembled al the
ISU 160. Two kHz represents the greatest commaon factor
beiween 1¢ kHz (the modem symbol rate) and § kHz (the data
frame rate).

All 15Us 100 will use the synchronization information
inserted by the associaled MCC modem 82 (o recover all
downstream timing required by the ISUs 100. This synchro-
nization allows the TSUs 109 to demodulate the downstream
information and modulate (he upstream lransmission in such
a way that all ISU 100 trunsmissions received at the [1DT 12
arc synchronizid to the same reference. Thus, the camier
frequencics used for afl 18U 104 vpstream transmission will
be [requency locked to the HDT 12.

The symbol alignment is perforned over synchronization
channels in the downstream and upstream 6 MHz bandwidths
under the responsibility of the MCC modem 82, in addition to
providing path delay adjustment, initialization and activation,
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and provisioning over such synchranization channels until
initialization and activation is complele as further described
herein, These parameters are Lhen tracked by use of the 10C
channels. Because of their importance in the system, the 10C
channel and synchronization chamicls may use a different
modulation scheme for transport of control data betweean the
MCC modem 82 and ISUs 100 which is more robust or of
lesser order (less bits/sce/Hz or bits/symbal} than used for
transpart of telephony dala. For example, the telephony data
may be modulated using quadrature amplitude modulation,
while the IOC channel and synchronization channel may be
modulated vlilizing BPSK medulation techniques. The MCC
modem 82 also demodulstes telephony and control data
modulsted on multicamers by the 13Us 100. Such demodu-
fation is described fucther below wilh respect to the various
embodiments of the telephony transport system.

Fimctions with respect to the OFDM trensporl system for
which the MCC modem B2 is responsible, include at least the
following, which are further described with respect ta the
varions embodiments in forther detail. The MCC modem 82
detects a reccived amplitudeflevel of a synchronization pulse/
pattern from an IS 100 within a synchronization channel
and passes unindication ol (s level (o the CXMC 80 over the
commmunicalion inferface therebelween. The CXMC 80 then
provides a command (o the MCC inoden 82 for transmission
10 the 151 100 being leveled [or adjuslment of the amplitude
level thereof, The MCC modern 82 also provides for symbol
atignment of al} the upstream muiticarriers by correlafing an
upstream patlern modulated on a synchronization channel
with respect to a known symbol boundary and passing a
required symbol delay correction to the CXMC 80 aver the
comununication interface therebetween. The CXMC 80 then
transmits via the MCC modcm 82 a messape downsiream {o
the ISUJ 100 to adinst the symbol delay of the ISU 100,

Likewise, wilh regard to synchronizing an ISU 100 for
overall path delay adjustment, the MCC modem 82 correlates
an upstream multiframe pattern modulated in the proper
bandwidih by the ISU 100 on the 1GC channel with respect to
aknown reference boundary, and passcs a required path delay
correction to the CXMC 88 over the modem interface ther-
ebetween. The CXMC 80 then transmits via the MCC modem
82 over the I0OC channel a message downstream o adjust the
overall path delay of an ISU 100.

Summary of Bidirectional Multi-Point fo Point
Telephany Transport

The following summarizes the transport of telephony and
control information over (he HFC distribution network 11.
Bach CXMU 56 ol HIYI" 12 is provisioned with respect (o jts
specific upstream and downstreom cpemting Irequencics.
The bandwidth of both upstream and downstream Lransmis-
sion by the CXMU 56 are a maximum of 6 M1z, with the
downstream transmission in a 6 MHz band of the RF spec-
trom of about 725-800 MHz.

In the downslream direction, cach MCC modem 82 of the
CXMU 56 provides electrical telephony and control data

signals to the downsiream telephony (ransmitier 14 via

coaxial line 22 in its provisional 6 Milz bandwidth, The RF
elecirical felephony and contral data signals from the MCC
modems 82 of the HDE 12 are combined into a composite
signal. The downs ream telephony transmitier then passes the
combined electrical sighal to redundant etectrical-lo-optical
converlers for modulation onto a pair of protecied down-
skceam optical Teeder Hpes 24.

The downstream optical feeder lines 24 carry the telephony
inflormation and control dala to an ODN 18. Al (he ODN 18,
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the optical signai is converled back to clectrical and combined
with ihe downstreamn video infonmation (from the video head-
end feeder line 42) into an electrical downstream RF output
sipnal. The electocal RF output signal including, the tele-
phony information and control data is then fed to the four
coaxial distribution legs 30 by ODN 18, All relephony infor-
mation and control data downstream is broadcast on each
coaxial leg 30 and carried over the coaxial portion of the HFC
distribution network 11. The clectical downstream output RE
signal is tapped from the coax and terminated on the receiver
modem 101 of an ISU 100 through diplex Giter 104, shown in
FIG. 8.

The RF electricat output siguals include telephony infor-
mation and contro! dala moduelaled on ordhogona] mullicarr -
ers by MCC modem 82 ulilizing orithogonal requency divi-
sion mulliplexing techmques; the telephony information and
conlrol data being mapped into symbol data and the symbols
being modulaled on a pluralify of orthogonal camriers vsing
FFF techniques. As the symbols are all modulated on carriers
al a single poinl to be fransmitted to pultiple points in the
system 10, orthoponality of the muiticarricrs and symbaol
alignment of the symbals modulated on the erihogonal mul-
ticarriers are automatically aligned for transporl over the ITFC
distribution network 11 and the telephony inlormation and
confro} data is demadulaled at the ISUs 100 by the madem
101. The ISU 104 receives the RY signal tapped from the coax
of the coaxial portion of the IIFC network 11. The RTF modem
101 of the ISU 100 demodulates the sipnal and passes the
telephony infonnalion and control data extracted to lhe
CXSU controller 102 for provision to channel units 103 as
appropriate. The ISU 100 represents the interface where the
Iclephony informalion is converted for nse by a subsciiber or
customer.

The CXMUs 56 of the HDT 12 and the ISUs 100 imple-
ment the bidirectional multi-point to point telephony trans-
port system of the communication system 10. The CXM1Js 56
and the 1SUs, therefore, carry oul Lhe modem functionality,
The transport system in accordance wilh (he present invention
may utilize three dilferen( modems to implemeni the modemn
functionality [or the transport system. The first modem is the
MCC modem 82 which is located in each CXMU 56 of the
HDT 12. the HDT 12, for example, includes three active
MCC modens 82 (FG. 3) and is capable of supporting many
18Us 100, representing @ mudti-point to point lransport nel-
work. The MCC modem 82 coordinales telephony informa-
tion transport as well as control data transport for controlling,
the 1SUs 100 hy the HDT 12. For example, the contral data
may inchde call processing messages, dynamic allocation
and assigniment messages, 131U synchronization contrmol mes-
sages, IS1T modem conirol messages, channel unil provision-
ing, and any other ISU operalion, administration, mainte-
nance and provisioning {OAM&D) information. The second
modem is a single family subsenber or HISU modem opti-
mized to support a single dwelling residential unit, Therefore,
it must be low in cost and low in power consumption. The
third modem is the multiplc subscriber or MISU modem,
which is required fo generally support both residential and
business services, . . .

The HISU modem and the MISU modem mey take several
forms. For example, the HISU modem and the MISU modem
may, as described furlher in detail below with regard (o the
varions embodiments of the present invention, extract ouly a
small portion of the muiticarriers transmitted from the HDT
12 or a larger porlion of the multicarriers fransmitted from the
HDT 12. For example, the HISU may extract 20 mulicarricrs
or 10 payload channels of telephony information transpored
from lhe FID'T 12 and the MISU may extract information [rom
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260 mullicarriers or 130 payload channels transporied from
the HDT" 12. Bach of these modems may use a scparate
receiver porlion [or extracting the confrol data from the sipnal
ransporled by the DT 12 and an additional recejver portion
of the HISU modem to extract the telephony information
modulated on the multicartiers transported from the HDT 12.
This shall be referred to bereinafier as an out of band ISU
modem. The MCC modenr 82 for use with an out of band [SU
modem may modnolate conirol information within the
orthogonal carrier waveform or on camiers somewhat offsct
from such orthogonal carriers. 1n contrast to the ont of band
18U modem, the HISH and MISU modems may uitlize a
single receiver for the ISU modem and exlract both the tele-
phony information and control data utibzing the single
recciver of the modem, This shall be referred to hereinafter ns
an in-band ISU modem. In such a case, the contol data is
modulated on carriers within the orlhogonal carrier waveform
but may utilize different carrier modulation techniques. For
example, BPSK [or modulation of control data on the carriers
as opposed 1o modulation ol (clephony data on payload cae-
riers by QAM techniques. In addition, different modulation
techniques may be nsed for upsiream or downstrcam frans-
mission for both control data and telephony duta. Tor
cxample, downstream telephony dala may be modulaied on
the carders ntilizing 256 QAM and vpstream tclephony data
may be modulated on the carriers utilizing, 32 QAM. What-
ever modulation technique is utifized for transmission dic-
tates whal demodulation approach would be used at the
receiving end of Lhe fransport system, Demodulation of the
downsiream telephony inlormation and control data trans-
poried by the HDT 12 shall be explained in further detail
below wiith relerence 1o block diagmms of different modem
embodiments. :

In the upstream direction, each ISU modem 101 at an ISU
100 transmits upstream on at least one arthogonal multicar-
rierina & MHz bandwidth in the RF spectrum of shoul 5to 40
MHz; the upstream 6 MHz band comesponding (o (ke down-
strcam 6 MHz band in which transmissions are received. The
upstream electrical telephony and control data signals arc
Iransporied by the ISU modems 101 to the respectively con-
nected optical distribution node 18 as shown in FI1G. 1 via the
individual coaxial cable kegs 30. At the ODN 18, the upstream,
signals from the various ISUs are combined and transmitted
opticully (v the HDT 12 via optical [ceder lines 26. As previ-
ously discussed, the upstream electrical signals Irom the vari-
ous 1SUs may, in part, be frequency shifled prior to being,
combined into a composite upstream optical signal. Insuch a
case, the telephany receiver 16 would include corresponding
downshilling circuitry.

Due (o the multi-point to point nature of transport over the
IIFC distributian network 1 from multiple 18Us 100 to a
single AT 12, in order lo ulilize orthogonal frequency divi-
sion mulliplexing lechniques, symbols modulated on each
carrier by the ISUs 100 most be aligned within a cortain phase
margin. In addition, as discussed in further detail below, the
round trip path delay from the network mterface 62 of hc
HIDT 12 to all ISUs 100 and back from the ISUs 100 to the
network ipterface 62 in the communicalion systcm 10 mustbe
cqual. This is required so that sippaling multifrume integrity
is preserved throughout the syslem. In addition, a signal of
proper amplitude musl be received at the HDT 12 to perlorm
any conlrol [unctions with respect o the ISU 100, Likewise,
with repard fo OFDM lranspord [rom the ISTs 100, the ISUs
100 must be frequency locked o the HIDT 12 such that the
multicarmiers transporied over the IFC distribution network
11 are orthogonally aligned. The transport system imple-
ments a distobuled loop fechnique [or implementing this
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mulii-point to point transport tilizing orthogonal frequency
division multiplexing a3 lurther deseribed below. When the
HDT 12 receives the plurality of multicarders which are
orthogonally aligned and which have telephony and control
data modulated thercon with symbals alipped, the MCC
modems 82 of the CXM1Js 56 demodulate the telephony
information and control data from the plurality of multicar-
rers in their corresponding 6 MHz bandwidth and provide -
such telephony daia 1o the C1SU 54 for delivery to the net-
work interface 62 and the conlrol data to the CXMC 86 for
contral of the telephony transport.

As one skilled in the art will recognize, (he spectrum allo-
cations, frequency assignmenls, dala rates, channel numbers,
types of services provided and any other parameters or char-
acteristics of he syslem which may be a choice of design are
to be laken as examples only. The invention as described in
the accompanying claims contemplates such design choices
and they therefore fall within the scope of such claims. In
addition, many functions may be implemented by software or
hardware and either implementation is contemplated in
accordance with the scope of the claims cven though refer-
ence may only be made to implementation by one orthe other,

First Embodiment of Telephony Trenspord System

The [irst embodiment of the telephony transport system in
accordance with the present invention shall be described with
particular reference to FIGS, 13-35 which include block dia-
grams of MCC modems 82, and HISU modems and MISU
moxdems shown generally as 18U modem 101 in FIG, 8. Such
modems implement the upstream and downsiream modem
transport functionality. Following this description is a discos-
sion on the theory of operation utilizing such modems,

Referring, to FIG. 13, the spectrum allocation for one 6
MIIz band for upsiream snd downsiream iransport of tele-
phony information and control data ulilizing OFDM tech-
niques is shown. The waveform preferably has 240 payload
channels or DS0+ channels which include 480 carriers or
tones for accommodaling a nel data rate ol 19.2 Mbps, 24 10C
channels including 46 carriers or tones, and 2 synchronization
chrnnels. Each synchronization channel inchedes two carricrs
or tones and is each offset from 24 1OC chaonsls and 240
payload channels by 10 unused cariers or tones, utilized as
guard tones. The total carricrs or tones is 552. The synchro-
nization tones utilized for synchronization functions as
described further below are located at the ends of the 6 MHz
spectrum and the plurality of orthogonal carrices in the 6 MHz
band are separated from carricrs ol adjacent 6 Mz bands by
guand bands (51 6.0 kElz) at each end of the 6 MI1z specirum.
The guard bands are provided at each end of the 6 MITz band
to allow for filter selectivity at the transmiiter and receivers of
the system. The synchronization carriers are offset from the
telephony dala ar payload carriers such that il the synchroni-
zation casrier utilized for synchronization during initializa-
tion and activation is pot orthogonal with the other tones or
carriers within the 6 MHz band, {he synchronization signal is
prevented from destroying the structure of the orthogonally

.aligned wavclorm. The synchronization fones are, therefore,

outside of the main body of payload caniers of the band and
interspersed I0C chaanels, although the synchronization
channel could be considered a special 10C channel.

To minimive the power requirement of the ISUs, the
amount of bandwidth that an TSU processes is minimized. As
such, (he telephony payload channels 2nd I0C channels ofthe
6 Mz band are interspersed in the telephony paylowd chan-
nels with an IQC channe! localed every 10 payioad channels.
With sach a disiriboted technique, wherein subbands of pay-
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load channets preater than 10 inclnde an 10C channel, the
amount of bandwidih an IS “sees” can be Jimited such that
an }OC channel is availahle for the BT 12 1o communicate
with the ISU 100. Such subband distribution for (he speciral
allocation shown in FIG. 13 is shown in FIG. 6. There are 24
subbands in the 6 MHz bandwidth with each subband includ-
ing 10 payload channels with an I0C channel hetween the Sth
and 6th payload chanpels. A benefit of distributing the 10C
chunnels throuphout the 6 MITz band is protection from nar-
row band ingress. IT ingress destroys an JOC channel, there
are other 10C channels available and the HD'T 12 can retunc
an ISU 100 to a dillerent portion of the 6 MHz band, where an
TQC channel Lhat is not comupted is located. Preferably, the
MISU 64 sews approximalely 3 MHz of the 6 MHz bandwidth
lo reeeive up fo 130 payload channels whose handwidth also
includes numerows 10C channels [or communication from
the HD'Y 12 o the MISU 66. The H1SU 68 sces about 100 kHz.
of the 6 MHz bandwid(h 1o reeeive 11 channels inchuding at
least one I0OC chapnel for communication with ike FIDT 12.

The primary difference between the downsiream and
upstream paths are the sapport of downstream synchroniva-
tion and upstream synchronization. In the downsirean dirce-
tion, all ISUs lock to information [rom the HDT (point o
multi-point}. The initialization and activation of [SUs are
based on signals supplied in the upstream synchronization
channel. During operation, ISUs tmck the synchronization
via the TOC channels. In the upsireamn, the upstream synchro-
nization process invoives the distibuled (multi-point to
point} controf of amplilude, lrequency, and timing; slthough
frequency control can also be provided uliliving only the
downstream synchronization channel as described further
below. The process of vpstream synchronization occurs in
ane of the two npstream syachronization channels, (he pri-
mary or the secondary synchronization channel.

Referring to FIG. 21, the downstream transmission archi-
tecture of the MCC modem 82 is shown. Twa senal data
inputs, approximateby 10 Mhps each, comprise the payloud
dala [rom the CXMC 56 which is clocked by the 8 kHz frame
clock inpul. The IOC conitrol data input from the CXMC 56 is
clocked by the 10C clock inpul, which is preferably a 2.0 kHz
clock. The telephomy payload dala and the TOC control data
enter through senal ports 132 and the data is scrambled as
koown to one skilled in the arl by scrambler 134 to provide
randomuness in the waveform to be Irunsmitied over the HEC
distribution networic 11. Without scrambling, very high peaks
in the waveform may ocenr; however, il the wavelorm is
scrambled Lhe symbols gencrated by the MCC modem 82
become sufficiently random and such pezks are sufficiently
Timited.

TIG. 58 details the operation ol a typical scrambler, such as
134, F1G. 21. Symbal clock 4501 clocks a seed patlern
through a linear-feedback shift register 4510 having nine
stapes, 4510-0 (hrough 4510-8. With XOR gate 451F posi-
tioned as shown, the generator polynomial is binary “100010
O0Y*, The seed initially loaded into register 4510 al input
4502 is*111 001 110™. Two idcatical translation tables 4520
and 4521 receive two-bit inputs from register 4510 at every
symbel time. The high-.and low-order bits of (sblc 4520
proceed Irom the oulpuls of stages 4510-8 and 4510-7,
respeetively. [igh-order bit 4523 of able 4521 also receives
output 4510-7, but as its high-orler bit; stage output 4510-6
provides s low-order bil. Logic galc 4530 perform an XOR
hetween the five-bit ontput of table 4520 and he upper five
bits of a 10-bit DS0 word, while mate 4531 does the same for
the five-bit oulpul af table 4521 and the lower five bits of the
same D8O word, Outputs 4505 and 4506 carry (he two 5-hit
scrambied symbuols for the DS0 word, Each descrambler such
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as 176, FIG. 22 or 23, 1s identical to its corresponding scram-
bler. 1t recovers the original bit pattern of each symbol by
decoding it with the same palynomial 2nd seed.

The polynomial and seed for regisier 4510 of the scrmm-
blers and descramblers selected by known techniques to yield
a maximal-length pseudo-random sequence, Inversion of the
order of the input bits as between table 4520 and table 4521
increases the scrambling of the two symbols of the SO word.
To increase the randomness among different sequences even
more, dilferent scramblers in the system have different poly-
nomials and seeds. Randomness could be forther increased by
using more than four different table entries; however, the
added complexity overmode (bc pain, for this particnlar
embodiment. Only the payload channels are scrambled; the
I0C channels arc not scrambled.

The scrambled signals are applied to a symbol mapping
function 136 in FIG. 21. The symbol mapping function 136
1akes the input bits and maps them into a complex constella-
tion point. For example, il the Inpu bits are mapped inio &
symbel for outpul of a BPSK signal, every bil would bo
mapped (v a single symbol in the consteliation as in' the
mapping diagram for BPSK of FIG. 15, Such mapping results
in in-phase and quadrature values {I/Q values} for the data.
BPSK 15 the modulation technique preferably used for the
upsiream am) downstream 1GC channels and the synchroni-
zation channels. BPSK encoding is preferred for the JOC
conlrol data so as to provide robustness in the system as
previously discusscd. For QPSK modulation, every two bits
would map iito one of four complex values that rcpresent a
conslcilation point. In the preferred embodiment, 32 QAM is
utilized for telephony payload data, wherein every five bits of
payload data is mappeil inlo one of 32 constellation points as
shown m F1G. 14. Buch mapping also results in 1/Q values. As
such, one DS+ signed {10bits) is represented by two symbols
and the two symbols are transmitted using two carriers, Thus,
one D50+ channel is transported over two carriers or tones of
& MHz spectrum.

One skilled in the art will recognize thal various mapping
or encoding techniques may be utitized with different carri-
ers. For example, (clephomy channels cuerying ISDN may be
encoded nsing QPSK as opposed to telephony channels car-
rying POTS data being cncoded using, 32 QAM. Therefore,
dilferent (elephony channels carrying different services may
be modulated diflerently to provide for more robust fcle-
phony channels for those services that require such quality.
The archifecture in accordance with the present invention
provides (he flewibility to encode and modulate any of the
channels differently from the modulation technique used for
a different channel.

Within the framework of QAM32 modulation, FIG. 17
shows a constellation which has improved characteristics.,
Here, the in-phase and quadraiurc values arc shown encoded
by three bits each instead of the four shown in FIG: 14; analog
values, howcver, romain in the ranges -5 to +5. The consicl-
lation of FIGG. 17 approaches as closely as possible to an
analogy 1o 1 Gray code scherne, in which a transition from one
row to the next and [rom one column 1o the next result in only
a single bit change in the 5-bit symbol code, (The exceptions
are [our trunsitions from the first colomn to the second, and
fron the fifih to the sixth, which have twao transitions each.
‘The comer cells have zero transitions berween these columns,
which do not detract from the advanlages of the scheme.) Ta
symbo} is received incorrectly afier transmission, the most
likedy error Is a slight change in cither amplitude or phase, If
the bit strings ropresenied by (he symbols have as few bit
transitions as possible for single-value phase and amplitude
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changes, then a reception error wili create fewer bit errors on
the final digital output, That is, small (symbal) errors in
produce small {bit) errors o,

The constellations shown in FIGS. 14 and 17 use all points
ol a six-cell square except the four corners. Hence, they have
two axes ol symmelry, and appear identical when rotated by
90°, $80°, and 270°. If a phase error cver exceeds 45°, an
aflemnpled correction may pull the phase to an incorrect ori-
entation, This is called four-fold phasc ambiguity. However,
deliberately nsing one and only one of the corner points as a
valid symbal provides a key for identifying the correct phase
for errors as preat as a tul 1800, For example, desipnating the
symbol for 16" as I=010 (45} and Q=010 (45} instead of the
1=001, Q=010 (+3,+5} in FIG. 17 introduces a symbol at this
corner point whenever & *16™ is sent upstrcam or down-
stream. Because only one corner is used, any received value
having both T and Q valuest5 requires phase rolatian wotil
I=+5 and Q=+5. This assignment also preserves the nearly
Gray-code structure of the constellation. Any other symbol
assignmenl which breaks the symmetry of the constellation
would produce the same effect. Even a constellation retaining,
only one axis of symmetry would allow twice (he phase-
correction range of the constetlation of FIG. 17. For example,
using both the opper left and lower right corners as valid
symbols allows correction of phase errors up to 90°,

Fach symbol that gets represented by the I/Q valucs is
mapped into a FFT bin of symbol buller 138 in FIG, 21. For
examplc, for a D80+, ninning zt 8 kHz [raume rate, five bils are
mapped inio one FET bin and five bits into another bi. Bach
bin or memory Jocation of the symbol buffer 138 represents
the payload dala #nd control data in the frequency domain as
T/} values. One scl of FFT bins gets mapped into he time
domain throngh the inverse FFT 140, as is koown to one
skilled in the art. The inverse FET 140 maps the complex 1/Q
values info fime domain samples corresponding o the num-
ber of points in the FFT, Both the payload data and IQC data
are mupped tto the buffer 138 ard transformed into time
domain samples by the inversc FFT 140. The number of
points in the imverse FFT 148 may vary, but in the preferred
embodiment (he number of points is 256. The oulput of he
inverse FFT 140, for a 256 point FFT, is 256 lime damain
samples of the wavelorm,

In conventional praclice, buffer 138 clocks symbols into
inverse FFT 140 ut cxucily the same ruie that inverse FFT 140
clocks out the in-phase and quadrature values FE'T 1 and FFT
Q in FIG. 21. To pot the matter another way, the 256 dipital
waveform samples from buffer 138 represent 360°, or 2x
radians, of a QAM 32 waveform having the amplitude and
phase of the 5 bits of its symbol, as delermined by mapping
unit 136, The FFT T and Q outpuls represent 256 samptles of a
frequency spectrum correspending to the same time period.
At the receiving ¢nd, however, any misalignment at all in the
phase synchronizalion causes FF1 170, FIG. 22, or 180, FIG.
23, to decode a portion of a previous or subsequent symbol’s
wavelorm along with somewhat less than the full cyele of the
desired symhol; this inter-symbol interference can canse mis-
reading the symbol as a different valid symbol, resulting inas
many as five bit errors.- . . .

In a presently preferred embodiment, the 256 samples
clocked into inverse FFT 140 represent an extra 450 (/4
radians) above a complele cycle. Another way fo think ol'this
is that the symbols are clocked inio the TET at an ellective 9
kilz rate, and clocked out at the nominal 8 kHz symbol rate.
FIG. 52 shows an unmodulated sine wave (that is, one having
T-0, Q=0 in (e units used herein). The upper partion shaws
one cycle, 0-360°, at the nominal 8 kHz frame rate. The lower
porlion shows (he same wave at 3 9 kHz rate, so that the
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amount of time previcusly cecupied by 360° now takes up
405° of phase, from -22,5° to +382.5°. Cbviously, lhere are
phase disconlinuities between snccessive cycles of the wave.
FIG. 53 shows a typical QAM 32 wave modulated af g dif-
ferent amplitude and a slightly different phase from those of
FIG, 52, These might correspond to, say, I-—1, Q=+1 in the
scheme used herein. The small portions at the ends of this
wave represent un-modulated eycles, ag in FIG, 52, The phase
of this wave is advanced from the corresponding wave of the
lower portion ef FIG. 52; it does not cross the zero axis at O°
and 180° of its proper cycle. It does, however, include the
extra 22.5° ol excess phase at cach cnd, for 45° extra over an
8 kHz cycle. Again, phase discontinuities exist at the ends of
the tatal 405° phase degrees of this wave. 1n [uct, this char-
aclerislic gives the excess-phasc improvement an advanlage
over its primary function of providing, a guard baud for the
symbol decoder, for reducing inter-symbol inferference.

In F1G. 52, successive cycles ol & wave modulated with the
sarme symbol (or with no symbol), produce a continuous
waveform with no breaks or other features fo distinguish the
beginnings and endings of individual cycles. The lower part
of this diagram demonsirates that even an un-moduiated
cxcess-phase waveform contains discontinuity featlures serv-
ing as markers at the ends of each cycle. A repealing siring of
idle symbals, or any other symbols, likewise produces these
markers. In the frequency- and phase-acquisition and (rack-
ing aspects discussed bejow, such markers therelore provide
definite waveforin features for synchronizing purposes, with-
out having fo guarantee the ransmission of any special siring
of varying characters sinclly for synchronization. This saves
(he overhead of interrupling the paylead and/or IOC channels
to provide such a string, and the complexity of storing or
diverting payload information while the sync siring is
present. It also allows syne to take place af times when,
because of (he above factors, it would not be feasible ather-
wise.

At the recciving end, FFT 170 {in an MISJ) or 180 (HISTJ)
decodes (he 256 tine slots for one [rame ine as 4057 of 4
cycle lo symbol decoder 174, which maiches he cycle to the
nearesi 5-bit string ofbits. Decause any phase difference vp to
£22.5° will never conflate ihe proper wave with that for
another symbol, no inler-symbol interference at all ocenrs
within this margin of error in phase racking. This provides a
form of puard band for each symbol. 1n the upsiream direc-
tion, units 186, 188, and 190 or 191 provide excess phase in
the transmitting MISU and HISU modems of FIGS, 24 and
25; and (he head-end receiving modem of FIG. 26 decodes
and tracks (his phase as described above.

The inverse FFT 140 has separate serial oulpuis for in-
phase and quadrature (J/Q) components, FET1 and TFFTO.
Digital to analog converters 142 teke the in-phasc and quadra-
ture components, which is a numeric representation of base-
band modulated signal and converl il 1o a diserete waveform.
The signal then passes through reconstruction fitters 144 to
remove harmonic conlent. This reconstruction is needed to
avoid prablems ansing from multiple mixing schemes and
other fittering problems. The signal is summed in a signat

.conversion transmitter 146 for up-converting the I/ compo-

nents ulilizing a synthesized wavefomm that is digitally tun-
shle with (he in-phase and quadrahire compaonents for mixing
to the applicable transmit frequency. For example, if the syn-
thesizer is at 6§00 MHz, the oulpul lrequency will be al 600
MHz. The companents are summed by the signal conversion
transmitter 146 and the waveform including a pluality of
arthogonal camiers is then amplified by lansmiller amplifier
148 and filtered by iransmitter fitter 150 before being coupled
onto the optical fiber by way of {elephony transmifter 14,
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Such Fanctions are performed under control of general pur-
pose pracessor 149 and other processing circuitry of block
147 necessary to perform such modulation. The general puz-
pose processor also receives 18U adjustment parzimeters from
carrier, amplimde, timing recovery block 222 (F1G. 26) for
carrying out distcibuted loop symbol alipnment, frequency
locking, amplitude adjustment, and path defay [unctions as
described forther below.

In conventional practice, the relationship between the fre-
quency of a carrer and the frequency ad fiming of dala
symbols modulated onto that carrier is arbitrary and unim-
portont. Tn the present system, however, it has been found that
even very small frequency drifts between the 8kHz symbolor
frame clock and the frequencics of the fones upon which they
ride can produce significant inter-synibo} interference and
distorlion at (he receiving end. Such drills lend io destroy the
orthoganality of the channel signals produced by inverse FFT
140 in FKG. 21. The present systemn also, however, provides a
simple, inexpensive way 10 overcome this problem. FIG. 51
shows a porlion 4200 of (he DT clock/syne logic in CTSU
54, FIG. 3. Timing, recovery loop 4210 produces a single
master reference clock output at 10.24 M1z Although loop
4210 could be a free-running oscillator, it is in fact slaved to
the network 10, FIG. 1. With which the entire system com-
municates, This connection is comvenient in eliminating gross
or unpredictable differences between the data speeds of the
network and the system.

Smoothing loop 4220 cveus out short-fcrm varations in the
signa! from loop 4210. Phase comparatar 4221 controls a
voltage-controlled cryslal oscillator at 40.96 Milz; divider
4223 provides leedback at (he proper [requency. Comparator
4221 includes a low-pass inlegrator whicl gives phase-lock
* loop 4220 a bandwidth ofabowt 130 Hz. Divider 4230 reduces
the frequency of YCXO 4222 ta 2.56 MIlz. A sccond phase-
lock laop 4240 has a phase comparator 4241, again with
low-pass characteristics, feeding a voltape-controlled oscil-
lator running at 1267.2 MHz; divider provides feedback al the
proper frequency. Tivider 4254 produces the final RF clock
frequency, 9.9 MHz, at output 4251, The network clock is
sulliciently accurale over long periods of time, but it 15 subject
to significanl amounts of short-period jitter. The large amount
ol smoothing provided by loops 4220 and 4240 overcome the
mlolerance of analog RF components for short-term varja-
liong. Meanwhile, digilsl divider 4260 divides the master
10.24 MHz clock by a factor of 80 to produce an 8 kHz
symbo} or frame clock output 4261. Oulpul 4261 does not
require the smoothing, becanse it clocks only digital circuits,
which are relatively insensitive fo shorlterm [requency
changcs.

RF master clock 4251 proceeds to RF synthesizer 143 in
HDT transmitting modem 82, as shown in FIG. 21, where it
directly conlrols the requency of the lwunable 500-850 MHz
RF carrier for the entire band carrying all of the channels
shown m F1GS. 13 and 16. Symbel ¢lock 4261 proceeds to the

[rame-clock inputs n F1G. 21, where it controls the symbol

timing, and, because it also controls the FFT speed, the [re-
quencies of the channels in the entire band. Clock lock 4200
thus. provides 2 solid hink which inherently preserves the
orthogonality of the band signals in & muiticarrier sysiem, by
deriving the RF carcier ciock and the symbal or fmme clock
from the same source. At the same time, it provides a small
amount of gradual variation for satisfying the demands of the
analog RT components.

The overall purpose of focking (he two clocks together at
the IIDT is ta lock the carrier clocks and the symbel (fame)
clocks throughout the system; and the purpose of (his in turn
is 1o preserve the orthogonality of the signals in 4 mullicarrier
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systemn which is capable of bidirectional operation {that is, as
a omltipoini-to-point-configuration as well as in the vsuat
poini-to-muliipoint “broadeast™ direction). Clock generator
166, FIGS. 22 and 23, of timing generator 197, FIG. 8 locks
to lhe [requencies of the incoming sipnals to provide the
clocks used in the remote 35U modules. Therefore, the carrier
and [rame clocks in each vpstream transmitter portion, FIG.
24, of remole medem 198, FIG. 8, are slso locked 10 each
other, by virine of being locked to the incoming signal from
the: 11DV,

At the downstream receiving end, either an MISU or an
HISU provides for extracting telephony information and con-
trol data from (he downstream transmission in one of the &
MHBz bandwidths. With respect to the MISU &6 (F1G. 1), the
MI15U downsiream receiver architeciurce is shown in F1G. 22,
Tt includes a 100 MIlz bundpass filler 152 o reduce the
frequency band of the received 600 1o 850 MITx lotal band
broadeast downstream. The [filicred signal then passes
throngh voltage tuned [iliers 154 to remove ont of band inter-
ference and further reduce the bandwidth. The signal is down
converled to baseband frequency via quadrature and in-phase
down converler 158 where the sipnal is mixed at complex
mixers 156 uiilizing synthesizer 157 which is controlled from
an output of serial ports 178. The dawn converted ¥Q) com-
poncnts are passed (hrough filters 159 and converted fo digitat
format at apalog, to digital converlers 168. The time demain
samples of the I/QQ components are placed in a sample buffer
162 and a set of samples are input (o down converler com-
pensation unit 164. The compensation unit 164 allempts to
mitigate errors such as DC offsets from the mixers and dil-
ferential phasce delays (hal ocenr in the down conversion.

Carrier, amplitnde and timing signaling arc extracted from
ihe compensaled signal, by the carrier, amplitude, and timing
recavery block 166 by extracting conirol data from the syn-
chronization channels during initialization and activation of
(he ISU and the 10C chapnels during tracking as further
described betow with relerence to FIG, 33, The compensated
signal in parallel form is provided to FFT 170 to be converted
into a vector of frequency domain elements which are essen-
tially the complex constellalion points with T/ components
originally created upstream at the MCC modem 82 for the
DS0+ channels which (he MISU sees. Due to inaccurscies in
channe] filtering, an cqualizer 172 removes dynamic crrors
that occur during transmission and reception. qualkzation in
the upstream receiver and the downstream receiver architec-
tures shall be explained in further detail below with reference
lo FIG. 35. From thie equalizer 172, the complex constellation
points are converled to bits by symbal to hit converter 174,
descrambled at descrambler 176 which is 8 mirror clement of
scrambler 134, and the payload telepliony information and
10C contm]} data are output by the serial ports 178 to the
CX51J 102 as shown in FIG. 8. Block 153 includes (he pro-
cessing capabilities for carrying oul the various [unclions as
shown therein.

Referring to TiG. 23, the HISU 68 downsiream receiver
archileciure is shown, The primary difference benween the
HISU downsircam receiver architecture (FIG. 23) and the

. MISU downstream meceiver architecture (FIG. 22) is the
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amount of bandwidth being processed. The front ends of the
receivers up Lo the FFT processing are substantially the same,
except during the down conversion, the analog fo digital
converiers 169 can be operated al 1 much slower rate. For
instance, if the bandwidlh olthe signal being processed is 100
kHz, the sample rate can be approximately 200 KIz. In an
MISU processing a 3 MIz signal, the sample rate is about §
MHz. Since the [TI3U is limited fo reeiving a maximwm of
10 D50+ 5, the TFT 180 can be ol a smaller size. A 32 point
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FFT 180 is prelerably used in the HISU and can be imple-
mented more efficiently, compared to a 128 or 256 point FIT
utilized in the MISU. Therefore, the msjor dilference
between these architectures is that the ITISU receiver archi-
tecture requires substantially less signal processing capabilily
than (he M1SU receiver and as suchhas less power consump-
tion. Thus, 1o provide a system wherein power consumption
at the remote units is minimized, the smaller band of requen-
cies seen by the HISU allows for such low consumption. One
reason the HISU is allowed to see such a small band of
carrers is that the JOC channels are interspersed thronghout
the 6 MHz spectrum.

Referring to FIG. 24, the upstream transmission architee-
ture: for the HISU 68 (F1G. 1) is shown. The YOC control data
and the telephony payload data from the CXSU 102 (F1G. 8)
is provided to serial ports 182 at a much slower wie in (he
HISL than in the MISU or HDT transmission architectures,
because the HISU supporis onty 10 S04+ channels. The
ITISU upstream (ransmission architecture implements three
important operslions. It adjusts the amplitude of the signal
transmiticd, the timing delay (both symibol and path delay} of
the: signal transmitied, and the carrer frequency of the signal
transmitled. The telephony data and HOC control data enters
through the serial ports 182 under control of clocking signals
penemsled by the clock penerator 173 of the HISU down-
streain receiver architecture, and is scrambled by scrambler
184 for the reasons stafed ahove with regard to the MCC
downstream transmission architectire. The incoming bids are

mapped into symbols, or complex constellation points, ;

inclnding 1/Q components in the frequency domain, by bits to
symbol converter 186, The constellation points are then

—
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placed in symbol bufler 188. Following he buifer 188, an

inverse FFY 190 is applied to the symbols 1o create fime
domain samples; 32 samples comresponding to the 32 point
FET. A delay buller 192 is placed on the output of the inverse
FET 190 to provide multi-frame alipnment at MCC modem
upslream receiver architecture as a function of (he upstrcam
synchronization process controlled by the HDT 12. The delay
buffer 192, therefore, provides a path defay adjusiment pdor
to digilal to analog conversion by the digital to analog con-
veriers 194 of the in-phase and quadrature components of the
outputafthe inverse FFT 190. Clock delay 196 provides 2 fine
tune adjustment lor the symbol alignment at the request of
I0C control data output obtained by cxtracting control data
Trom (he serial stream of data prior to being serambled. Afler
conversion (o ypalog components by digital to analog con-
verlers 194, (he anulog components therefrom are recon-
structed into 2 smooth analog waveforn by the reconsiruction
Hilters 198. The upstream sipnal is then direcy up converted
by direct converter 197 to the appropriate transmit frequency
under control of synthesizer block 195. Synthesizer hlock 195
is operated under control of commands from an TOC contral
channel which provides carmier frequency adjustment com-
mands thereto as cxtracted in the HISU downstream receiver
architeclure. The vp converted signal is then amplified by
transmitler amplifier 200, [iliered by ransmiticr Rlter 202 and
transmitted upstream to be combined with other signals iruns-
mitted by other 150} 109. ‘The block 181 includes processing
circuitry for carrying out the functions thereof,

Referring to FI1G, 27, the upstream transmitter architeciure
for the MISU 66 is shown and is substantially the same as (he
upsiream transimitler architecture ol TIISTJ 68. However, the
MISU 66 handles more channels and cannot perform the
operation o a single processor as can the HISU 68, There-
Tore, both a processor ol block 181 providing the functions of
block 181 including the inverse FFT 190 and a general pur-
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pose proccssor 206 to support the architecture are needed 1o
handle the increased channel capaciry.

Reforring to FIG. 26, the MCC upstream receiver archilec-
ture of ench CXM1UI 56 at the DT 12 is shown. A 510 40 MIIx
band pass filter 208 [ilters the upstream signal which is then
subjected to a direct duwn conversion fo baseband by mixer
and synthesizer circuitry 211, The outputs of the down con-
vorsion is applied (o anti-alias filiers 21¢ for conditioning
thereol and the output signat is cormverted to digital fonmat by
analog to digital converters 212 to provide a time domain
sampling of the in-phase and gquadrature components of the
signpal lo narrow band ingress filter and FI'T 112. The narmow
band ingress [ilter and FFT 112, as described below, provides
proiection against narrow band interference that may affect
the upslream lransmission.

The ingress filter and FFT 112 protects ten channels at a
time, therefore, if ingress affocts one of the available 240
DS80+s in the 6 MHz spectrmim received by MCC modem 82,
a maximum of ten channels will be destroyed [om the
ingress, The ingress filter and FI'T 112 inclodes a polyphase
structure, as will be meognized by one skilled in the art 25 a
common filter technique. B will be further recognized by one
skilled in the art that the number of channels protected by the
polyphase [ilier can be varied. The culpat of the inpress filter
and FFT 112 1s coupled to an equalizer 214 which provides
carrection for inacenracies that occur in the channel, such as
those due to noise from reference cacillators or synthesizers.
The output symbols of the equalizer 214, arc applicd to a
symbols to bits converter 216 where Lthe symbols are mapped
inte bits. The bits are provided to descramblers 218, which are
a mirror of the scramblers of the ISUs 100 and the output of
he descratnblers are provided to scrial poris 220. The output
of theserial ports is braken mto fwo payload streams and one
IOC control data stream just as is provided to (he MCC
downsiream lransmitler architecture in the downstream
direction. Block 217 includes the necessary processing cir-
cuilry for carrying oul the functions therein,

In onder to detect the dowpstream information, the ampli-
lude, [requency, and timing of the arriving sighal must be
acquired using the downstrcam synchronization process.
Since the downstream signal constitutes a point to multi-point
node topotapy, the OFDM wavelorm arrives via a single path
in an inherently synchronous manner, in contrast 1o the
upstream sipnal, Acquisition of the wavelorm parameters s
initially performed on (he downsiream synchronization chan-
nels in the downstream synchronization bands located al the
cnds of (he 6 MIIz spectrum. These syachranization bands
mchide a single synchronization cacrier or tone which is
BPSK modulzted by a 2 kHz framing cleck. This tone is nsed
to derive initial amplitude, frequency, and timing at the ISUL
The synchronivation carrier may be located in the center of
the receive band and could be considercd 2 special case of an
I0C. Afler the sipnal js received and (he receiver architecture
is tuped to a typical FOC channed, (he same circuilry is used lo
track the synchronization parameters using (he FOC channel.
The process vsed Lo acquire the necessary signal parameters
ntilizes carrier, amplilude and fiming recovery block 166 of

the ISUJ receiver architecture (F1G. 22), which is showa in = |

more detail in block diagram form in FIG. 33, The carrier,
amplitude and Liming recovery block 166 includes a Coslas
toop 330 which is used to acquire the frequency lock for the
received wavelonm. After the signal is received from the
compensation unit 164 (FF1G. 22), a sample and hold 334 and
analog to digital conversion 332 is applied fo the signal with
the resulting samples from the converters 332 applied to the
Costas loop 330, The sampling is performed under control of
voltage controlled oscillator 340 us divided by divider 333
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which divides by (he number of points of the FFT utilized in
the receiver architecture, M. The mixers 331 of the Costas
loop AM) are fed by the arriving signal apd the feedback paih,
and serve as the loop phase defectors. The output of the
mixers 331 are filtered and decimated to rednce the process-
ing requirements ol subsequent hardware. Given (hat the
received signal is hand-limited, less samples are required to
represent the synchronization signal, If arthoponality is not
preserved in the receiver, the filler will efiminate undesired
sigoal components from the recovery process, Under condi-
tions of orthogonatlity, the LPF 337 will completely remove
effects from adjacent OFDM carricrs. When carrer fre-
quency lock is achieved, the process will reveal the desired
BPSK wavciorm in the in-phase arm of the loop. The output
of e decimators are fed through another mixer, then pro-
cessed (hrough the loop filter with Olter funciion I3(s) and
numerically controlled oscillator (NCO), completing the
feedback path to corruet for frequency crror. When the error is

- al a “small” level, the loop is locked. In order to achieve [ast
acquisilion and minimal jitter during tracking, it will be nec-
essary to employ dual loop bandwidths. Systemn opemtion
will require that frequency lock is achieved and mainlained
within about +4% of the OFDM channel spacing (360 Hz).
The amplimde of the signal is measnred at the outpot of the
frequency recovery loop at BPSK power detector 336, The
tota} signal powcr will be measured, and can be used to adjust
a numerically controlizble analog gain circuit {not shown),
The gain circui! is infendexd o nommalize (he signai so that the
analog fo digilal converiers arc used in an optimal operating
region.

Timing recovery is perlormed usmg an early-late gate type
algorilhm of carly-late gate phase defecior 338 to derive im-
ing error, and by adjusting the sample clock or oscilfator 340
in response to the error signal. The early-laie gate detector
results in an advance/retard commmand during an update inter-
val. This command will be applied to the sample clock or
aseillator 349 through filter 341, This loop is heid off vntil
frequency lock and amplitude lock have been achieved, When
the timing loop iz locked, it generates a lock indicator signal,
The smne clocks are also used lor the upstream ransmission.
The carrier, 1uning and amplitude recovery block 166 pro-
vides a relerence for the clock generator 168. The clock
genemior 168 provides all af the clocks needed by the MISU,
[or example, the 8 kHy frame clock and the sample clock.

Carnier, amplitude, and timing recovery block 222 of the
MCC modem vpstream receiver agchitecture (FIG. 26), is
shown by the synchronization loop diagram of FIG, 34. 3t
performs detection Tor upstream synchronization on signals
on the upsircam synchronization channel. For initialization
and activation of an ISU, upstream synchronization is per-
formed by the DT commanding one of the ISUJs via the
downstream IOC conlol channels to send & relerence signal
upslrcam on 4 synchronization channel. The carrier, ampli-
tude, and timing recovery block 222 measures the parameters
of data from the 15U 109 that responds on the synchronization
channel and estimates the frequency error, the amplitde
error, and the fiming error compared ke references at the HDT
12. The qutput of the carrier, amplitude, and timing recovery
block 222 is turned into adjustineit corunands by the BDT 12
and sent to the ISU being initialized and activated in the
downstream direetion on an I0C control channe! by the MCC
downstream transmitter archileclure.

The purpose of the vpsiream synchronization process is to
initialize and activate ISUs such that the wavelorm [rom
distinct [SUs combine to a unilied waveform at the FIDT 12.
“the parameters that are estimated at the HID'T 12 by carrier,
amplitude, and timing recovery block 222 and adjusied by (he
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ISUs are anoplitude, timing, and [requency. The amplitude of
an ISUs signal is normalized so that DSO+s are apportioned
an equal amount of power, and achieves a desired signal to
noise ratio at the HDT 12. In addition, adjacent ISUs must be
received at the correct relalive level or else weaker DS0+
channels will be adversely impacled by the transiont behavior
of the stronger DS0+ channels. 1T a payload channel is trans-
mitted adjacent to another payload channel with sulficient
frequency error, orthogonality in the OFDM waveform dete-
riorates and error rate perlormance is compromised. There-
fore, the frequency of the ISU must be adjusicd (o close
tolerances. Timing of the recovered signal also impacts
orthagonality. A symbol which is not aligned in time with
adjacent symbeols can produce transitions within the part of
the gymbol that is subjected to the FFT process. [fthe transi-
tions of ali symbols don’t falt within (he guard inlerval at the
IIDT, approximately +16 tones (R S04+ s} relative to the
non-orthogonal channel will be unrecoverahte,

During upstream synchronization, the I8Us will be com-
manded to send a signal, for example a square wave signal, to
establish amplitude and frequency accuracy and fo align sym-
bols. The pattern signal may be any signal which allows for
detection ol the parameters by carrier, amplitude and timing
recovery block 222 and such signal may be different for
detecting different parameters. For example, the signal may
be a continuous sinusoid for amplitude and frequency detec-
tion and correclion and a square wave for symbol fiming. The
carrier, amplitude and timing recavery block 222 estimates
the threc distributed loop parameters, In all three loops, the
resulting error sipnat wil be converled (o 4 command by the
CXMC 80 and sent via thc MCC modemn 82 over an TOC
channel and the CXSU will receive the command and control
the adjustment made by (he ISLI. - :

As shown in FIG. 34, the upsiream Sy]l(..h.l'(]]ll.{dlll.)[l from
the TS1J is sampled and held 434 and analog to digitai con-
verted 432 nnder conltrol of voltage controlied oscillator 440.
Voliage controlled oscillator is a local relerence oscillalor
which is divided by M, the paoints of the FFT in the receiver
architecture, for conirol of sample and hold 434 and analog
digilal converler 432 and divided by k to apply an 8 kT1z signal
to phase detector 438,

Frequency error may be estimated utilizing the Costas laop
430. The Costas Joop 430 atternpis to cstablish phase lock
with (he locally generated frequency reference. Afier some
period of time, Joop adaplation will be disabled and phase
difference with respect to the time will be used o eslimaie the
frequency error. The [requency error is generated by filter
funetion H(s) 444 and provided to the CXMC B{ for process-
ing to send a [requency adjustment command to the 1S via
an TOC control channel. The frequency error is also applied to
the numerically contolled oscillator (NCC) to complete the
frequency toop to correct for frequency error.

The amplitude error is computed based on the magnitude
of the carrier during, the upstream synchronization by defect-
ing the carrier amplitude of the in-phase arm of the Costas
loop 430 by power deteclor 426, The amplitde is compared
with a desired reference value at reference comparator 443
and the error will be sent to the CXMC 80 [or processing (o
send an amplitude adjustment command to the ISU via an
KOC control channel. )

When the local reference in the HDT has achieved phase
lock, the BPSK signal on the synchronization chanuel arriv-
ing from (he ISU is availahie for processing. The square wave
is obtained on the in-phase arm of the Costas loop 430 and
applicd to carty-late gate phase detector 438 for comparison
ta the locally penerated 8 kFHz signal [rom divider 435, The
phase detector 438 generates a phasc or symbol timing error
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applied to leop [ilter 441 and output via line 439. The phase or
symbol timing error is then povided o the CXMC 80 for
processing to send a symbol iming adjustment command to
the: ISU via an I0C contro! channel.

The inechanisms in the TS which adjust the pammeters
for vpstream synclromization mclude implementing an
Amplinxle change with a scalar multiplication of the time
domain wavelorm us i is being collected from (he digital
processing, algoritho, such as ioverse FI'T 190, by the dipital
to analog converlers 194 (F1G. 24). Similarly, a compiex
mixing signal covld be crealed and implemented as a complex
multiply applied to the inpot to the digital Lo analog corverters
394, Frequency accuracy of both the downsiream sample
clock and wpstream sample clock, in the ISU, is established by
phasc locking an osciilator to the downstream synchroniza-
tion and TOC information. Upstream transmission frequency
is adjnsted, for example, at synthesizer hlock 195 as com-
manded by the [IDT 12.

Symbol liming correclions are implemented as a delay
Tunction. Symbaol (iming alignment in the ISU vpsiream
direction is thercfore cstablished as a delay in the sample
timing accomplished by either blunking a sample interval
{two of the same samples to go oul simuitanecusly) or by
putting in an exira clock edge (one sample is clocked out and
iost) via clock delay 196 (F1G. 24). In Lhis manner, a delay
function can be controlled withont data storage overhead
beyond that already required.

After the ISU is inihialized and activaled into the systemn,
ready for transmission, the ISTF will maintain required
upsircam synchronization system parameters using (he car-
rier, amplitude, frequency recovery block 222, Anunused but
inifialized and activated ISU will be commanded {o transmit
on an I0C and the block 222 will estimate the parameters
therelrom as explained above,

In both the upstream lransmitler architectures for the
MISU 66 (FIG. 24) and the HISU 68 (FIG. 25), frequency
offset or correction to achieve orthogonality of the carriers at
HDT 12 can be detennined on the ISU as opposed to the
[requency offsct being determined at.the HD'I' doring syn-
chronizmtion by carrier, amplitude and timing recovery black
222 (FI1G. 26) and then frequency offset adjustinent com-
mands being transmitied to the ISU for adjustment of carrier
[requency via the synihesizer blocks 195 and 199 ol the HISU
68 and MISU 64, respectively. Thus, frequency error would
0o longer be detecled by carrier, amplitude and timing recov-
ery block 222 as described above. Rather, in such a direct ISU
implementation, the ISU, whether un HISU 68 or MISU 66,
estimates a frequency emor digitally from the downstream
sigmal and a correction is applied to the upsirean data being
transmitied.

The HDT 12 derives all transmit and receive Irequencies
from the same fundamental oscillator, Therefore, all mixing
sigmals are Irequency locked in the HDT. Similatdy, the 1SU,
whether an HISU 68 or MISU 66, derives all transmit and
receive frequencies from the same fundamental oscillator,
lherefore, ult the mixing signals on the. IS17 are also frequency
locked, There is, however, a Trequency ollset present in the
ISU oscillators relative to the HIYT oscillators. The amouni of
frequency error (viewed from the 1SU) will be a fixed por-
centage of the mixing frequency. For example, if the 181
oscitlator is 10 PPM off in frequency from the HDT oscilla-
lors, and the downstream IS receiver mix frequency was 100
MIIz and the ISUT upstream transmit mixing [requency were
10 MHz, the ISU would have 1o correct for 1 kHz on the
downstream receiver and creale a signal with 2 100 Hz oflset
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on the upstream lrunsmifter. As such, with the T5TF direct
implementation, the frequency offset is estimated from the
downslresm signal.

The estimation is performed with digital cireunitry perform-
g numeric calculations (that is, a processor}. Samples of the
synchronization channel or I0C channet are collected in
hardware during, opemtion of the system. A (macking loop
drives a digital numeric oscillator which 15 digitally mixed
against the recejved signal, This process derives u signal
mtermally that is essentially focked to the HIYI. The internal
nwnerical mix accounts for the frequency offsel. During the
process of locking to the downstream sigpal in the ISU, the
estimate of frequency error is derived and with the down-
stream frequency being known, a fractional frequency error
can be computed. Based on the knowledge of the mixing
frequency ai the [II¥T that will be used 1o down convert the
upstream receive signal, an offsct to the ISTT transmit fre-
quency is computed. This frequency offset is digitally applied
to the ISU transmitted signal prior 1o converling (he signal to
the analog domain, such as by converlers 194 of FIG, 24,
Therefore, the frequency comection can be performed
directly on the ISU.

Referring to FIGS. 31 and 32, the narrow baud ingress filter
and FFT 112 of the MCC upstream receiver archileciure,
including a polyphase filier structure, will be described in
further detail. Generally, (he polyphase filter structure
includes polyphase flters 122 and 124 and provides protec-
tion against ingress. The 6 MIIz band of upstreamn OFDM
carriers from the IS1Js 100 is broken into subbands through
the polyphase filiers which provide (iltering lor small groups
of carricrs or tones, and i[ un ingress allects carriers within a
group of carriers, only thai group of carriers is affected and
the olher groups of camiers are protected by such fltering
characleristics.

The ingress filter structure has two parallel banks 122, 124
ol polyphase filters. One bank has approximately 17 dilfcrent
non-overfapping bands with channel spaces belween the
bands. A magritude response of a single polyphase filter bank
is shown in FIG. 2%, The second bank is offset from the first
hank by an amount so that (he channels that are not filtered by
the first bank are filtered by (e second bank, Therefore, as
shown in the closecup megmilude responsc ol a single
polyphase filter bank in FIG. 30, one band of channels filtered
may include those in lrequeney bins 38-68 with the center
carricrs carrcsponding to bins 45-61 being passcd by the
filicr. The overlapping fitter provides fTor filiering carriers in
the spaces between the bands and the carriers not passed by
the other filter bank. For example, the overlapping filler may
pass 28-44. The two channcl bauks are offset by 16 frequency
bins so that the combination of the two filter banks receives
every one of the 544 channels.

Referring 10 FIG. 31, the ingress [iller structure receives the
sampled waveform x{k} from the analog to digital converters
212 and then complex mixers 118 and 120 provide {he stagper
for application (o Lhe polyphase Oliers 122, 124. The mixer
118 uses a constant value and the mixer 120 uses a value lo
achieve such alfset. The ountputs of each mixer enters one of
the polyphasc {ilters 122, 124. The outpul of each polyphase
fifter bank comprises 18 bands, each of which contain 16
usable FET bins or each band supports sixteen carmiers al ihe
8 kHz rate, or 8 DSO+'5. One band is not utilized.

Bach band output of the polyphase filters 122, 124 has 36
samples per § kflz frame including 4 guard samples and
enters aFFT hlock 126, 128. The first operation performed by
the FFT blocks ¥26, 128 is to remove the foor puard samples,
thereby leaving 32 time domain points. The output of each
FIT in the blocks is 32 frequency bins, 16 of which are used
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with the other bins providing fttering. The ouipul of1the FFTs
are staggered to provide overlap. As seen in FIG. 31, carriers
0-15 are output by FFT #1 of the top bank, ciriers 16-31 arc
output by FFT #1 of the bofom bank, carricrs 32-48 are
output by FFT #2 of the top bank and so on.

‘the polyphase filiers 122, 124 are each slandard polyphase
filter construction as is known to one skilled in the arl and

each is shown by the structare of F1G. 32. The inpul signal is -

sampled al a 5.184 mega-sample per second rate, or 648
samples per frame. The input is then decimated by a factor of
18 {1 of 18 samples are kept) ta give an effective sampic rmtc
of 288 ktlz. This signal is subjected to the finite impulse
response (FIR) fitters, labeled Hgo{Z) through Hy,4(Z),
which include a number oftaps, preferably 5 mps per filter. As
ong skilled in the art will recognize the npumber of taps can
vary and is nof imended to limit the scope of lhe invention,
The outpuls [rom ihe [iliers enter an 18 point inverse FFT 130,
The oulpul of the transform is 36 samples for an § kHz frame
inclvding 4 goard samples and is provided o FFT blocks 126
and 128 for processing as desciibed above. The FFT tones are
preferably spaced at 9 kHz, and the information rate is 8
kilo-symbaols per second with four puard samples per symbol
allotted. The 17 bands from each polyphase filter are applied
to the FFT hlocks 126, 128 for processing aod outpuf of the
544 carriers as indicated above. One band, the 18th band, as
indicated above, is not used.

The equalizer 214 (FIG. 26) and 172 (FIG. 22}, in both
upslream and downsiream receiver architcctures, is supplied
lo accoun! far changes in proup delay across the cable plant.
The equalizer tracks out phase and gain or amplitude varia-
tions due to environmental changes and can therefore adapt
slowly while maintaining sufTiciently accurate tracking. The
coeflicients 360 of the eqoalizer 172, 214, lor which lhe
internal exqualizer operation is generally shown in FIG. 35,
represent the inverse of the channel frequency response to the
resojntion of the FFT 112, 17 The downsiream coclficicnls
will be highly correlated since every clumnel wiil progress
through the samc signal path as opposed to the vpstream
coefficients which may be vncorrelated doe to the variant
channels thal individual DS0+s may encounter in the muléi-
puinl (o point topology. While the channel characteristics are
diverse, the equalizer will vperate he same for ecither
upslreamn or downsiream receivers. The downstream equal-
izer will lrack on only the J0C channels, thus reducing the
computational requirements at the 18Us and removing the
requirement for a preambie in the payload channels, as
described further below, since the 1I0OC channels are always
transmitted. The upstream, however, will require equalization
on a per DS0+ and 10C channel basis.

The algorith used to update the equalizer coefficients s

contains several local minima when operating vn 2 32 QAM
consiellation and sullers from & four-lold phase ambipuity,
Furlhermore, cach D50+ in (he upstream can emanate from a
separate 1SU, and can therefore have an ndependent phasc

shift. To mitigate this problem, each commnnication onset :

will be required to post a fixed symbol preamble prior to dala
transmission. Note that the IOC channels are excluded rom
this requirement since they are not equalized and that the
preamble cannot be scrambled, Tt is known that af the time of
transmission, the HDT 12 will sti}l have accurate [requency
lock and symbo! liming as cstablished during initialization
and activation of the ISU and will maintain synchronization
on (he continvonsty available downstream I0C channel.
‘The iniroduction of the preamble requires that the equal-
1zer have koowledge ol its process state. Three states are
introdueced which include: search, acquisition, and tracking
mode, Search mode is based on the smoun! ol power present
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on a channel. Transmitier algorilhms will place a zero valuc in
vnused FFT bins, resulting in no power being transmitted on
(hat particular [requency. At the receiver, the equalizer will
deternyine (hat it is in scarch mode based on the absence of
power in the FF1 bin,

When transmission beging for an initiatized and activated
ISU, the equalizer defects the presence of signal and enlers
the acquisition mode. The length of the preamble may be
about 15 symbols. The equalizer will vary the equalization
prucess based on the preambie. The initial phase :nd ampli-
lude correction will be large but subsequent updaics of the
coellicients will be Jess significant. I order to differentiaie
the lraining pattern from any other dala sequence, when the
HDT infonns an ISU to connect a new payload channel, the
18U transmits 16 consecutive symbols having =0 and Q=0,
which is not a valid dalu symbol in the constellalions of FEG.
14 or 17. The 1817 then transmits § valid data symbols, allow-
ing the equalizer for that channel 1o set its coefficient properly
to adjust for amiplitude and phase of the incoming signal.

After acquisition, the cqualizer will enter a tracking mode
with the updale rate being reduced to a minimal level. The
tracking mode will continue vntil a loss of power is detected
on the channel for a period of time. The channel is then in the
unused bul initialized and activated sinte. The equalizer will
not irzin or track when the receiver is being mned aad the
coefficients will nat be updated. The cocfficients may be
accessed and wsed such as by signal to noise detector 305
(FIG. 26) for channel mnonitoring as discussed further below.

For the equalization process, the IXQ componenis are
loaded into a buffer at the oulpul of (he FF1, such as FFT 112,
180. Aswili be apparent Lo one skilied in the ari, the following
description of the equalizer siructure is with regard to the

-upslream receiver equalizer 214 but is equally applicable o

the downstream reeeiver equalizer 172, The equalizer 214
exlracts time domain samples from the buffer and processes
one complex sample at a time, The processed information is
then oulput therelrom. F1G. 35 shows the basie structore of
the equalizer algorithm less the state control algorithm which
should be apparent to cne skilted in the art. The primary
equalization path performs a complex imukltiply at inultiplier
370 with the value from the selecled FFT bin, The output is
then quantized at symbal quantize block 366 to (he nearcst
symbol value from a storege table. The quantized value (hard
decision) is passed out Lo be decoded into bils by symbols to
biis converler 216. The remainder of the circuilry is used 1o
npdate the equalizer coefficients. An emor is calculated
between (he quantized symbol valne and the equalized
sample al summer 364, This complex error is mulfiphied with
(he received sample at multiplicr 363 and the result is scaled
by the adaptation coefficient by multiplier 362 to form an
update value. The update value is summed at suomer 368
with the orginal coefficient lo resull in a new coetficient
value.

Operation of First Embodiment

In the prelemred cmbodiment, the 6 MHz frequency band
for each MCC modein 82 ol HDT 12 i allocated as shown in
F1G. 13. Although the MCC nyodem 82 transinits and recetves
the entin: 6 MHz band, the ISU modems 100 {F1G. B) ure
optimized for the specific application for which they are
designed and may terminatefgenerate fewer than the total
number of cardcrs or tones allocated in the 6 MIlz band. The
upsiream and downstream band allocalions are preferably
symmetric. The upsiream 6 MIlz bands fram the MCC
madems 82 lie in the 5-40 MHz spectrom and (he downstream
6 MHz bands lic in (he 725-760 MHz spectrum. One skilled
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in the art will recognize that if different transmission media
are utilized for upstream and downstream transmission, the
frequencies for transmission may be the same or overlap but
stil be non-interfering,.

There are three regions in each § MHz frequency band to 5

support specific operations, such as transport of telephony
payload data, transport of ISU system operations and coutrol
data (IOC contro] data}, and upstream and downstream syn-
chronizalion. Bach carrier or lone in the OFDM frequency

band cansists of a sinusoid which is modulated in amplitude 10

and phase to form a complex constellation point as previously
described. The fundamental symbol rate of the OFDM wave-
form is 8 kHz, and there are a total of 552 tones in the 6 MHz
band. The lollowmg Table 2 summarizes the preferable

modulation lype and bandwidth allocalion for the various 13

tone classifications.
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channels are implemented at an 8 kHz symbol rate, the syn-
chrenization channels could be implemented at a 2 kIz sym-
ol rate and alse may be at a lower pawer level.

The 15Us 100 are designed to receive a subband, &5 shown
in FIG. 16, of the total aggregate 6 MHz spectrum. As an
exaunple, the HISU 68 will preferably detect only 22 of the
available 552 channcls. This implemenlation is primarily a

- ‘costfpower savings technique. By reducing the number of

channels being received, the sample rate and associated pro-
cessing requirements arc dramalically reduced and can be
achievable with comman conversion parts on the market
today.

A piven HISU 68 is limited Lo receiving 8 maximum of 10
DS0s out of the payioad dula channels in the HISU receiver’s
frequency view. The remaining channels will be nsed as a
guard inlerval. Furthermore, in order to reduce the power/cost

TABLE 2
Rand Number of Tones or
Allogation  Chrriers Moxlustat jon Capacity Bandwidth
Synch Band 24 toncs (2 synch lonesal  BPEK nfn 246 kHz
each end and 10 goand
tones at ench end)
Paylond 480 (240 DS0+ channels) 32 QAM 9.2 MDP§ 4.32 Mliz
Datn
s 48 (2 every 20 datn DI'SK 3%4 kbps 432 Lz
channels or 24 JOC
channels)
Intra-land Remainder on each end nfa nfa 1.032 MUz {516 Kliz
puacd at each end)
Composite 552 afa nin &0 MHAZ
Signal

Guard bands are provided at each end of the spectrom 1o
allow for selectivity (ilicring aller transimission and prior to
reception. A iotal 0¥ 240 telcphony data chiannels areinciuded
throughaut the band, which accommodates a net data rate of
19.2 Mbps. This capacily was designed to account for addi-

tive ingress, thereby relaining enough support to achieve con- 44

centration of users to (he central office. The 10C channcls are
interspersed throvughout the band to provide redundancy and
communicslion suppori to narrowband receivers located in

the HISUs. The 10 data rate is 16 kbps {two BPSK tones at

the symbol rate of 8 kHz [rames per second). Ellectively, an 45

10C is provided for every 10 paytoad data channels, An ISU,
soch as an HIST, that can only see a sinple OC channel
would be forced to retune if the 10C channe! is corrupted.
[Towevcr, an ISU which can sce multiple JOC channels can

sclect an alternate I0OC channcl in the event that the primary 55

choice is corrupt, such as for an MISU.

The synchronization channels are duplicated at the ends of
lhe: band for redundancy, and are ollse! from the main body of
uwsable cartiers to guarantee that the synchronization channels

do not interfere with the other nsed channels. The syachroni- ss

zation channcls were previously described and will be further
described below. The synchronization channels are operated

at s Jower power level than the telephony payload chanpels o . .

also reduce the ellect of any interference to such channels.

This power reduction also allows for a smaller puard band to 60

be used between he synchroniztion channels and the pay-
load telephony channels. One synchronization or redundant
syachromzation chanpels may also be implemented wilhin
the telephony channels as opposed to being ollse! therefrom.

In order to keep them from interfering with the telephony 65

channels, the synchronization channels may be implemented
using a lower symbaol rate, For example, il the telephony

35

requirements, synthesizing frequency steps will be limited to
198 kHz. An IOC channel is provided [or as shown in FIG. 16
so that every HISU 68 will always see an IOC channel for
controlof the TTISU 68 via HDT 12. The MISU 64 is desipned
to receive 13 subbands, as shown in F1G. 16, or 130 of the 240
available DS0s. Again, (he tuning steps will be limited 1o 158
kl ¥z to realize an elficient synthesizer implementation, Thege
are preferred vatues [or the HISU 68 and MISU 66, and it will
be noted by one skilled in the art that many of (he valnes
specificd herein can be varied without changing the scope or
spint of the invention as defined by the accompanying claims.
As known to one skilled in the art, there may be need to
support operation over chaunels in a bandwidih of Jess (han 6
Milz. With appropriate software and hardware modifications
of the system, such rcconfliguration is possible as would be
apparent to one skilled in the art. For example, lor a 2 MITz
system, in the downstream, the HDT 12 would generate the
channels over a subset of the fotal band The HiSUs are
inherently narrowband and would be able to tune into the 2
Mz baod. The MISUs supporing 130 channels, wonld
receive signals beyond the 2 MHz band, They would require
redluction n flter selectivity by way of 2 hardware modilica-
Gon. An eighty (8() channel MISU would be able to operate
with the constraints of the 2 MHz. systein. In the upsiream,
the H15Us would generaie signals within (he 2 M1z band and
the MISUs transmil section would restrict the information
penerated to the narrower band. At the HDT, the ingress
filtering would provide sullicient selectivity sgainst out of
band signal cnergy. The narrowband sysiem would require
synchronization bands at the edges of the 2 MHz band.
As previousty described, acquisition of signal parameters
for initiatizing the system for detection of the downstream
information is performed nsing the downstream synchroni-
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zation chamels. The ISUs usc the carrier, amplitude, tinting
recovery block 166 to esiablish the downstream synchroni-
zation ol [requency, amplitude and timing {or such detection
of downstrecam information. The downstream signal consti-
tutes & point to multi-point iopology and the OFDM wave-
Jorm arrives 4l the 1SUs via a single path in an inherently
synchronous manner. In the upstream direction, each ISU 100
must be initialized and activaled through a process of
upsiream synchronization belore an IIDT 12 can enzble the
1SU 100 lor trunsmission. The process of upstream synchro-
nization for the [SUs is utilized so that the wavelorm [fom
distinct 18Us combine 10 2 unified waveform at the HDT. The
upslream synchronization process, porlions of which were
previously described, involves various steps. they include:
15U transmission level adjustment, upstream multicurmier
symbot alignment, carrier requency adjustment, and round
trip paily delay adjustment. Such synchronization is per-
formed after acquisition of a & MHz bard of operation,

Generally, with respect to level adiustment, the HDT 12
calibrates the measured signal strength of the upsiream trans-
mission received from an ISU 100 and adjusts the ISU 100
transmit level so that al ISUs are within acceptable threshold.
Lcvel adjustment is perlormed prior to symbol alignment and
path delay adjustment $0 maximize the accuracy of thesc
measurements.

Generally, symbol alignment is & necessary requircment
for the multicarrier modulation approach implemented by the
MCC modems 82 and the ISU modems 1061. In the down-

stream direction of transmission, all information recetved at ~

the 3S1J 100 is penerated by a single CXMUI 56, 5o the
symbols modulated on each multicarpier are automatically
phase aligned. [owever, upstream symbol atipnment at the
MCC modem 82 receiver archilecture varies due to the multi-
peint fo point nature of the HFC distnbution network 11 and
the unequal delay paths of the ISUs 100. In order to havc
maximum receiver efficiency, ail upstream symbols must be
aligned within a parrow phase margin. This is done by pro-
viding an adjustable delay path paramefer in cach ISU 100
such that the symbol pericds of all channels received
upstream from the different 1SUs are aligned at (he point they
reach the DT 12.

Generally, round trip path delay adjusiment js performed
such that the round Irip delay from the HIDT network interface
62 10 all ISUs 100 and back to (he nelwork interface 62 from
all the ISUs 100 in a system mus! be equal. This is required so
that signating multiframe integrity is preserved throvghout
the system. All round top processing for the telephony (rans-
porl seclion has a prediclable delay wilh the exception of the
physical delay associated with signal propagation across the
HEC distcbution network 11 itself. [ISUs 100 located at close
physical distance from the DT 12 wiil have less round trp
delay than ISUs located at the maximum distance from the
HDT 12. Path delay adjustment is implemented to force the
transport syslem of sll ISUs to have cqual round trip propa-
gation delay. This also maintains 181 multiframe alignment
Tor D51 channels transporied through the syslem, mainiain-
g in-band channel signating or robbed-bit signaling with the
same alignment for voice services associated wiih the same
Ds1.

Generally, carer frequency adjustment musi be per-
formed such that the spacing between carrier frequencies is
such as to maintain ofhoponality of the carriers. I the mal-
ticargiers are not received at the MCC modem 82 in orthogo-
nal alignment, inlerference belween the muiticarders may
occur. Such carrier frequency adjustment can be performed in
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a manner like that of symbol timing or amplitude adjustment
or may be inplamented on the ISU as described previously
ahove.

1n the initialization process, when (he ISU has just been
powered up 2710, the 15U 100 has no knowledge ol which
dawnstream 6 MHz frequency band i should bereceiving in.
This results in (he need for the acquisition of 6 MHz band in
the initialization process. Uniil an ISU 100 has successfully
acyuired a 6 Mz band for operation, it implements a “scan-
ning” approach 1o locale its downsiream frequency band.
Generally, a local processor of the CXSLI conlroller 162 of
ISU 100 starls with a defanit &6 MHz receive frequency band
somewlere in the range frorm 625 to 850 MHz. The ISU 109
wails for & period of time, for example 100 millisecends, in
cach 6 MIlz band to look for a valid 6 MHz acquisition
command which maiches & unigue identificalion number for
the ISU 100 after obtaining a valid synchronization signal;
which unigne identifier may take the form of or be based on a
serial number of the ISU cquipmeni. IT'a valid 6 MIiz acqui-
sition command or valid synchronization command is not
found in that & Milz band, (he CXSU controfer 102 looks at
the next § MHz band and ihe process is repeatcd. In (his
munner, as explained further befow, the HDT 12 can tell the
TS 100 which 6 MIlz band it should use for frequency
reception and Jater which band for frequency transmission
upsiream.

The process of initialization and activation of ISUs, as
generally described above, and tracking or follow-up syn-
clironization is further described below. This description is
written using an MISU 66 in conjunction with a CXSU con-
troller 102 but is equally applicable fo any ISUJ 100 imple-
mented with an equivatent controller logic. The cnax master
card lagic (CXMC) 80 is imstrocied by the shell controfler
unit (SCNU} 58 to initialize and activate g particular ISU 106,
The SCNU uses an IS designation pumber to address the
ISTI106. The CXMC 80 correlates the 1SU desipnation num-
ber with an equipment serial number, or umigue idenlifier, for
the cquipment. No two ISU equipments shipped from the
factory posscss the same unique identifier, If the ISU 106 has
never before been initialized and activated in the corrent
system database, the CXMC 80 chooses a personal ideatifi-
cation numher {PIN) codce for the ISU 160 being initialized
and activated. This PIN code is then stored in the CXMC 80
and elfectively represents the “address™ for all communica-
tions with that ISTJ 100 which wil lollow. The CXMC 80
maintnins a Jookup table between cach 18U designation num-
ber, the unique identifier for the 1SU equipment, and the PIN
code. Rach ISTJ 100 associated with the CXMU 56 has a
unique PIN address code assignment. One PIN address code
will bi reserved for a broadeast feature 1o all ISUs, which
allows for the HDT to send messages to ali initialized and
activated 15Us 100.

The CXMC 88 sends an initialization and activation
enabling messape to the MCC modem 82 which notifies the
MCC modem $2 that the process is beginning and the asso-
ciated detection functionality in the MCC modem 82 should
ke enabled, Such funclionality is performed at least in part by
carrier, amplitude, timing recovery biock 222 as shown in the
MCC ppstream receiver architecture of FIG. 26 and as pre-
vicsly discussed.

The CXMC 80 transmits an identification message by the
MCC modem 82 over all IOC chapuels of the 6 MHz band in
which if ransmits. The message includes a PIN address code
1o be assigned to the 15U being initialized and activated, a
command indicafing that IS1J initialization and activation
should be enabled at the ISU 140, the unique identifier for the
18U equipment, such as the cquipment serial number, and
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cyelical redundancy checksum (CRC). The messages arc sent
periodically lor a cerlain period of time, Te.,p. which is
shown as 6.16 scconds in FIG. 20 and which is also shown in
FiG5. 19. This period of time is the maximum {ime which an
IS1J canscan all downstream 6 MHz hands, synchronize, and
listen for a valid identification message. The periodic rate, for
example 50 ms, alfects how quickly the 1SU learns its iden-
tity. The CXMC 80 wilt never atlempt to synchronize morc
than onc ISU af a time, but will affempt to identily several
18Us during burs! ideniilication as described {urther below. A
software tinteout is implemcenied if an ISU does not respond
after some maximum lime fimit is exceeded. This fimem:t
must be beyond the maximum fime limit required for an ISU
to obiain sync:hronization fonctions.

Thuring periodic transmission by CXMC 80, the ISU imple-
ments the scanning approach to locate its downstream fre-
quency band. The Jocal processor of the CXSU slaris with a
delault 6 MHz receive frequency band somewhere in the
range from 625 o B50 MHz. The ISU 104 selects the primary
synchronization channe} of the § MHz band and then tests for
loss of synchronization after a period of time. I loss of
synchronization is still prosent, the secondary synchroniza-
tion channel is selected and tested for Joss ol synchronization
after a period of time. I loss of synchronivation is still
present, then the ISU restarts seleclion of the synchronization
channels on the nexi 6 MHz band which may be 1 MHz away
but still 6 MEIz in widih. When loss of synchronization is not
presenl on a synchronization channel then the ISU selects the
first subband including the IOC and listens for a comect
identification message. Tf a correct identification message is
found which matches its unique identifier then the PIN
address code is latched into an appropdate register. H a car-
rectidentification message is not found in the first subband on
that 10OC then a middle subband and TQC is selected, such as
the 11th subband, and (he 15U again listens for the correct
identification message. I the messape again is nol correcily
detected, then the ISU restarts on another 6 MITz band. The
15U listens [or ibe correct identi Acation message in a sabband
{or a period of lime equal to at least two times the CXMU
iransmission time, for example 100 ms when transmission
limeis 50105 as described above. The identification command
is & unique command in the I81J 1900, as the ISU 100 will not
require a PIN address code match 1o respond to such com-
mands, bul only @ vatid umque identifier and CRC mateh, If
an un-initialized and un-activated 1517 104 rcecives an iden-
tification command from the CXMC 80 via the MCC modem
82 on an I0C channel, data which matches the unique iden-
tifier and a valid CRC, the CXSU 102 of the ISU 100 will
store the PIN addiess code transmitted with the command and
unigue identifier. From (hiz point on, the 13U 100 will only
respond to commands which address 1 by ils correct PIN
address ¢code, or a broadcast address code; unless, of course,
lhe: ISU is re-activated again and piven a new PIN address
code.

After the ISU 100 has received a match fo its unique iden-

tifier, the ISU will receive (he upsiream [requency band com-
mand with a valid PIN address code that tells the 1SU 100
which 6 MHz band to use for upstream transmission and the
carrier or tone designations for the upstream 10C channel to
be used hy (he ISU 104, The CXSU controller 102 mlerprets
the command and cormectly activates the 1SU modem 101 of
the ISU 100 for the comreet upstream frequency band fo
respond in. Once the ISTF modem 101 has acquired the correct
6 MHz band, the CXSU controller 102 sends 2 message
command fo the ISU modem 101 to enable upsiream trans-
mission, Distributed loops utilizing Lhe carrier, amplitude,
and timing recovery block 222 of the MCC modein upstream
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recciver architecture of the HDT 12 is used lo lock the various
15U parameters for upsiream transmission, including ampli-
tude, carmer frequency, symbol alignment, and path delay.

The HIFI is then given information on the new ISU 2712
and provides downstream commands 2714 for the various
purameters to the snbscriber ISU vnit. The ISU begins trans-
mission in the upstream 2726 and the IIDT 12 locks to the
upstream signal 2730. The HIY!' 12 derives ad error indicator
2732 with regard to the parameter being adjusted and com-
mands 2734 (he subscriber IS 1o adjust such parametes. The
adjustment of error is repealed 2736 in the process mntil the
parameter for ISU transmission is locked to the HDT 12.

More specifically, afier the ISU 100 has acquired the 6
MHz band for opcration, the CXSt 102 sends 2 message
command to the ISU modem 101 and the 1St modem 1401
transmits a synchronization patiern on a synchroniztion
channel in the primary synchronization band of the spectral
allocation as shown in FIGS. 13-18. The upstream synchro-
nization channels which are offset [rom the payload data
channcls as allocaied in FIGS. 13-18 include both a primary
and & rechmdant synchronization channel such that wpstream
synchronization can stili be accomplished if one of the syn-
chronization clannels is corrupted. The HDT monitors one
channel [or every ISU.

The MCC modem B2 delects a valid signal and performs an
amplitude level measnrement on a received signal from the
ISU, The synchronivation pattern indicates to the CXMC 80
that the TST1J 160 has received the activation and initialization
and frequency band commands and is ready to proceed with
upstream synchronization. The amplitude level is compared
to a desired reference level. The CXMC 80 deiermines
whether or nol the transmit fevel of the ISU 100 should be
adjusted and the amount of such adjuslment. If level adjust-
ment is required, the CXMC 80 {mnsmits a message on the
downsiream [OC channel instructing the CXSU 102 of (he
18U 100 to adjust the power level of the transmitter of the 1ISU
modem 101, The CXMC B8 continues 10 check the receive
power level from (e ISU 100 and provides adiustment com-
mands to the ISU 100 uniil the level fransmitted by the ISU
100 is acceplnble. The amplimde is adjusted at the ISU as
previously discussed. If amplitude equilibrium js not reached
within a certain number ol iterations of amplitude adjustment
or if a signai presence is never delected utilizing the primary
synchronization channel then the same process is used on the
redundant synchronization channel. Hlamplitude equilibntem
is nol reuched within a certain number of ifterations ol amphi-
tude adjustment or if a signal presence is never delected
utilizing the primary or redundant synchromzation chapnets
then the IS is reset.

Onee transmission lovel adjustiment of the 1SU 10415 com-
pleted and has been stabilized, the CXMC 80 and MCC
modem #2 perform carter frequency locking. The MCC
modem 82 detects (he carrier frequency as iransimitled by the
18U 100 and performs a corretation on the received lransmis-
sion [rom the ISU to calculale a carrier [requency ermor cor-
reclion necessary to arthogonally alipn (he mublicarriers oFall
thc upsiream lransinissions fron: the ISUs. The MCC madem
82 retums & message to the CXMC 8¢ indicating the amount
ol carrier frequency error adjustment required 1o perform
frequency aligmment for the ISU. The CXMC 8¢ transmits a
message on a downstream I0C channe! via the MCC modem
2 instructing the CXSU 102 ta adjust the transmit frequency
of the TSU modem 101 and the process is repeated unil the
frequency has been cstablished fo within a certain falerance
for the OFDM channel spacing. Such adjustment would be
made via al Jeasl (he synthesizer block 195 (FIGS. 24 and 25),
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Tf frequency locking and adjustment is accomplished on the
ISU as previously described, then this frequency adjustment
methad is not utilized.

To establish orthogonality, the CXMC 80 and MCC
modem 82 perform symbeol alignment. The MCC modem 82
detects the synchronization channel modulated at a 8 ke
frame ratc fransmitted by the 1SU modem 101 and performs a
hiardware corrclation on the receive signal fo calculate the
delay correction necessgary (o symbol align the upstream 1SUJ
transmission [rom all the distinct I8Us 100, The MCC
modem 82 retumns 2 message to the CXMC B0 indicating the
amownl of delay adjustmen( required to symbol alipn the TSU
100 such that all the symbols are received at the HDT 12
simultanecusly. The CXMC 80 lmnsmils a message in a
downstream IOC channe! by the MCC modem 82 insfructing,
the CXSU coniroller 102 to adjust the deluy ol (he ISU
maxdem 101 transimission and the process repeals until 18U
symibol alignment is achieved. Such symbol alignment would
be adjusted via at least the clock delay 196 (FIGS. 24 and 25},
MNumerous iterations mnay be necessary 1o reach symbot alipn-
ment equilibrium and if it is not reached within a predeter-
mincd nunber of iterations, then the ISU may again be reset.

Simullaneously with symbol aligmment, the CXMC 80
lransmils a message lo the MCC modem B2 ta perform path
delay adjustment. The CXMC 80 sends a megsape on a down-
stream 10C channet via the MCC modem 82 instructing the
CXS5U ventroller 102 to cnable the ISU modem #1 fo trans-
mit another signal on a synchronization channel which indi-
cates the mulliframe (2 kHz) alignment of (he ISU 104. The
MCC modem 82 detects this multiframe alipninent pailem
and performs a hardware correlation on the pattern. From this
correlation, the modem B2 calculates the additional symbol
periods required to meet the ronnd trip path delay of the
communication system. The MCC modem 82 then returns a
message o (the CXMC 80 indicating the additional amount of
delay which must bc added to meet the overall path delay
requirements and the CXMC then transmits 2 message on a
downstream IOC channel via (he MCC modem 82 instructing,
the CXSU controller 102 1o relay a message to the ISU
maodem 101 containing the path delay adjusiment value.
Numerous iterations may be necessary 1o reach path delay
exquilibrium and if it is not reached within a predetermined
number of iterations, then the ISU may apain be reset. Such
adjustment is made in the ISU transmitier as can be seen in (he
display delay buffer “n” samples 192 of the upsiream trans-
mitter architechures of FIGS, 24 and 25, Path delay and sym-
bol alignment may be performed al the same time, separately
or logether using the same or diflerent signals sent on the
synchronization channel.

Until the 18U is initiatized and sctivated, the ISU 104 has
no capabilily of lransmilling telephony data information on
any of the 480 tones or carriers. Afler such itizlization and
activation has been completed, the 1SUs ur: within (clerance
requircd for transmission within the OFDM waveform and
the TSV is informed that transmission is possible and
upslream synchronization is complcte.

Aller an 18U 100 is initialized and activated for the system,
follow-up synchronization or tracking may be performed
periodically 10 keep the ISUs calibrated within the required
lolerance of the OFDM irunsporl requirements. The follow-
up process is implemented to account Tor drill of component
values with femperature. If an ISU 108 is inactive [or extremne
perinds of time, the 15U can be tuned to the synchronization
channels and requested fo update upstream synchronization
parameters in accordance with the upstream synchronization
process described above. Aliernatively, if an $¥SU has been
used recently, the follow-up synclwonization or (racking can
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proceed over an 10C channel. Under this scenaric, as gener-
ally shown in FIG, 28, the ISU 100 is requested to provide a
signal over an ¥OC channel by the FIDT 12, 2800. The HDYT
12 then acquires and verifies that the signal is within the
tolerance required for a channe! within the OFDM waveform
281%. I not, then the 18U is requested to adjust such errored
parameters 2813, In addition, during long periods of use,
18Us can also he requested by the HD'T 12 to send a signat on
an IOC channel or a synchronizalion channel for the purpose
ol updating the npstream synchronization parameters.

In (he downsiream direction, the TOC channels transport
controd infarmation to the ISUs 100. The modulation format
is preferably differentially encoded BPSK, although the dif-
ferential aspect of (he downstream modulaiion is not
required. In the upstrcam direction, the IOC channcls trans-
porl control information to the HDT 12, The IOC channels are
differcntially BPSK moduiated to mitigate the transient lime
agsociated with the cqualizer when sending data in (he
upslream direction. Control data is slotted on a byte bonndary
(500 ps frame). Data from any ISU can be transmitted on an
10C channel asynchronously; thercfore, there is the potential
Tor collisions to occur, As there is potential for collisions,
detection of collisions on (he upstream IOC chaoncls is
accomplished at a data protocol level. The protocol for han-
dling such collisions may, for example, include exponentiai
back-off by the ISUs. As such, when the HI¥T 12 delects an
efTor in transmission, a relransmission command is broadeast
to all the ISUs such thal the ISUs retransmit the vpstream
signal on the TOC channel alier waiting a particular lime; the
wail (ime period being based on an exponential function,

One skitled in the art will recognize that vpstream synchro-
nization can be implemented allowing for molti-point to point
ransmission nsing, only the symbo! timing loop for adjust-
ment of symbo} timing by the ISTJs as commanded by the
HDT. The frequency loop for upstream synchronization can
be eliminated with use of high quality local free manning
oscillators in the ISUs that are not locked to the BEDT, In
addition, the local oscillalors al the ISUs could be locked to an
outside reference. The amplilude loop is not essential to
achicve symbol alignment at the HIYT.

In the process described above with respect to initialimtion
and aclivation, mecluding upstream synchronization, il for
some reason commmumnication is lost between a large number
of ISUs 100 and (he TIDT 12, afier a period ol time (hese 1SUs
100 will require initialization and activation onceagain, Such
acascemay arise when a fiber is cuf and users of multiple ISUs
100 are Jeft without service. As initialization and activation is
described above, only one IS1J 100 would be initialized and
activated at onc time. The time [rame lor inilializalion and
activation of muitiple ISUs 100 in this manner is shown in
FIG. 19.

Tn FIG. 19, cach 1SU 100 is initialized, as previously
described, by identilicaiion ol the 15U and acquisition by the
ISU ol the 6 MRz band for downstream transmission during
a scanning period 1 g, 5 Which is the time period needed for
the 15U fo scan all of the downstream bands listening for a
matching identification imessage. Tn one embodiment, T
is equal Lo 6.16 seconds. Of conrse this time perjod is poing to.
be dependant on the number of bands scanned, the time
peried necessary for synchronizing on the downstream syn-
chronization channels, and Lhe fime required lo acquire an
10C channel within the band.

Turther, as shown in FIG. 19, afier each 15U has acquired
a downstream and upsiream 6 MHZ hand, upstream synchro-
pization is then performed during a time period Tygpq,.
Trperi may be defined as the period in which an ISU shou}cl
have received all messages from the CXMC 80 nishing the
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upstream synchronization process as describex above, with a
reasonable sinount of ilerations to accomplish such synchro-
nization. At the very least, this time period is the tine period
necessary fo accomplish symbof timing such that symbols
received fron: various ISTJs 100 at the HDT 12 are orihogo-
nat. This time period would be increased if amplitude, fre-
quency and path delay synchronizahion is also perfommed as
described above. Therefore, the Hme period necessary 1o sexi-
ully initialize and activate lwelve ISUs, Tepp, ., 88 shownin
FIG. 19 would be equal to 12T 5\ + 12T gy,

With & burst identification process as shali be described
with respeet to FIG. 20, the time period for initializing and
activating twelve ISUs 100 can be substantiaily reduced. This
resudls in more ISUs 100 being aclivated more quickly and
more users once again serviced in a shorter period of time. In
the process of burst identification as shown by the timing
diagram of F1G. 20, the identilication and acquisition of mul-
tple ISUs 100 is performex| in parullel instead of being per-
formed serally as described above,

The periodicity of the identification messapes sent by the
CXMC 80 during initialization and acquijsition, when per-
formed during normal operating conditions when ISUs 100
are seriglly injlialized, is designed Lo present a light load of
traffic on the IOC channcl but yet to allow a reasonable
identification duration. This periodicity duration is, for
example, 50 millizeconds. For (he system fo be able to handle
both siluations, scrial identilicalion and turst jdentification,
this periodicity is kept the same. Bowever, in burst identifi-
cation, the IOC channel traflic load is not importont because
the service of all the ISUs 100 receiving communication via
one of the CXMCs 80 utitizing the I0C chamnels has heen
terminated such as by the cut fiber. Fherelore, during burst
identification the TOC channels can be loaded more heavily
and identification messages for multiple 1SUs 100 utilizing
such IOC channels arc transmitted on the TOC channels at the
same periodicity as during serial identification, but the phase
[or the identification messages is different for each ISU.

Due lo the period, and ulilization of the TOC channels for
the identification messages during burst identification, there
15 a Yimi{ on the number of identification messages which may
be lmnsmitted during one Tg. . period. If the periodicity is
50 milliseconds and the use of the IOC channe! for a single
identification message is 4 milliseconds, only (welve ISUs
100 may be identified doring vne Tg. ., period during burst
identification, As described befow with furiher reference to
FIG, 20, if the number of ISUs 190 desired to be burst iden-
tified is preater than twelve, then multiple groups of burst
identifications are seriaily performed.

One skilled in the al will recognize that the specified
numbers for lime periods are for illustration only and that the
present invention is not Himited to such specified tine periods.
For example, the penodicity may be 100 ms and the number
of 1SUs identified during burst identificalion may be 24,
Many differcnt time periods may be specified with corre-
sponding changes made to the other times periads specified.
Iurther, burst identificalion may be accomplished having a
periedicity different than that for seria} identification.

- As shown by the timing diagram: of FIG. 19, 4 single burst .

initialization and activation ol twelve inactive ISUs 100 can
be accomplished in the ime period Ty eer which is equal to
Lseant 2L g, This is an 11T e, difference from the
process carried ont serially. During the Ty, 4, period, identi-
fication messages for all twelve 15Us 100 being initialized are
transmitted on the 10C channels for a CXMC 80. The twelve
identification messages are each sent once during each 50
millisecond period. The phase of each message is however
different, Far example, identification message [or ISU0 may
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be sent at time 0 and (hen again at 50 ms, whereas the 1den-
tification message for 1SU1 may be seni at time 4 millisec-
onds and then apain at 54 mifliseconds and se forfh.

After the ISUs 100 being initialized have been identified
and acquisifion ol the downstream & MHz band has occurred
during T ;. . thea upsiream synchronization is performed in
# serial manner with respect to each 18U identified during
Teean The upstream synchronization for the ISUs is per-
formed during the time period equal to 12Tg,,,,,. The
CXMC 80 wonld start the upstream synchronization process
in the same manner as described above for each [SU identificd
in 2 seral manner. The CXMC 80 sends to the ISU the
upslream tramsmission band in which the ISU being synchro-
nized is to transmit within and enables the upstream synchro-
nization process to begin, The upstrcam synchronization pro-
cess for an ISU has been described in detsil above. If an
upstream transmission band is nol received and upstream
synchronization is not enabled for an ISU during the
12T ppypse time period, then the 1SU is reset af the end of the
12T pperee period by a peried ol time equal to Tgp 12
T £gez4z. Lo possibly perfonm upstream synchronization in the
next 12 Tpppryr period. Once a burst identification peried,
T sz 18 campleted, the process may be started over agsin
in a second T gy psy period as shown in FIG. 20 if additional
IS8Us 104 ere to be initialized and activated,

FIGS. 47 and 4B describea control loop distributed through
the system for acquiring and tracking an ISU, according to
another embodiment of the invention. Loop 3900 shows steps
executed by the ISU 66 or 68 at the 1, and those executed by
HDT 12 at the righl. Messages between these iwo units are
shown as horizontal dashed imes; the JOC channels carry
these messages. Steps 3910 prepare the ISU (o communicate
with the IIDT. Step 3911 reads a pre-stored intemal iable -
3912 indicating [requencies of the valid RF downsiream
bands, slong with other information. Next, step 3913 tunes
the 1SUs* narrow-band receive modem fo the center of the
firs( 6 MIT£ band in tabie 3912. Step 39134 then fline-tunes il
to one of the two sync channels in that band; assune that this
“primary” channel is the one at the lower end of the down-
stream part ofthe band shown in FIG. 13. Step 3914 acquires
the amplitude and frequency of this sync tone. Briefly, equal-
izer 172, FIG. 22 ar 23, is adjusted to bring the out put of the
FFT to about 12 dB below its upper linat. Recovery biock 166
measures the time for ten [rames of the sync lone, and com-
parcs it 1o the 1.25 ms correct time interval; the frequency ol
synthesizer 157 is then adjusted accordingly. Rough timing is
salisfactory at this point, because the control messages used
Delow are simple low-frequency binary-keyed signals. If sync
catnot be acgnired, exit 3915 causcs black 39134 to retine to
a secondary sync tone of the same & MHz band, the upper
downsiream tone of FIG, 13, Tf the ISU also fails to synchro-
nize to the secondary lone, cxil 3916 causes block 3913 ©
tune to the center of the next 6 MITz bund in table 3912 and
attempt synchronization again. If ali bands have been tricd,
black 3913 continues fo cycle through the bands again. When
step 3914 has acquired a lock, steps 3920 listen for messages
from the [IDT. Step 3921 reads an internal predetermined

manufacturer’s serial number wluch uniquely identilies. that. .

15U, and compresses it inta a shorler, more convenient for-
mut. Step 3922 fine-tunes the ISU modem to a desipnated
primary subband, such as subband 0 in FIG. 16.
Concorrently, steps 3930 begin a search for the new ISU.
Step 3931 receives an opcrator “ranging” command to con-
nect an ISU having a particular scrial number. Step 3932 then
contimiousty broadeasts a “PIN message™ 3933 on atl 1OC
channels; this message conlning the compressed lorm of the
ISU serial number and a shorler personal identilication num-
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ber (PTN) by which that ISU will be known. Step 3923 in (he
18U conlinuously receives all PIN messages, and attempts to
match the transmitted compressed serial nuraber with the
number from mble 33224, If it fails to da so afier a period of
time, exit 3924 causcd step 3922 to retine to another desig-
nated subband, such as subband 23 in FIG. 13, and try again.
H no appropriatc PIN message is received on the secondary
subband, exit 3925 returns 1o step 3913 to swiich to another 6
MEI2 band. When step 3923 reecives the correct PIN mes-
sagc, siep 3926 latches the PIN into the 15U to serve hence-
forth as its address within the system. In some implements-
lions, the [ull serial number or alher unique identifier of the
plysical ISU could serve directly as an address. However, this
number vecupies many hyles; it wouid be wasteful to fransmit
il every time a message is addressed fo the ISU or cven touse
it for ranging, Its compressed form, two bytes long, serves as
a hash code which is practical to transmit in the continuous
messages 3933, The PIN iz ouly one byle long, since
addresses need be unique only within each 6 MHz band, and
are practical to use for identifying the ISU whenever the HIDT
needs to communicate with it. Messape 3927 informs the
HDT that the ISU will respond to its PIN,

Sleps 3940 set up (he upstresm communications from the
18U o the HDT. After 3941 roccives PIN confirmatian 3927,
step 3942 sends a designation of the upstream frequency band
10 the ISU as an 10C message 3943, This [requency may have
been specified by the operalor in step 3931, or may have been
generated by the HDT itselll Step 3944 tunes the ISU modem
to thiz & Mbz band, and returns a conlinnation 3945, Step
3946 then fine-mnes to the primary upstream sync channel of
that band, such as the lower one in F1G. 13. Step 3947 cnabics
an HDT receiver on fhe designated band. Steps 3950 adjust
the transmitted power of the 151 in the upstream direction; in
a multipoint-to-point-system, the power levels of all ISUs
must (rack each other in order to cosurc orthogonality of the
entire signal received by the modem of FIG. 26. Step 3951
transimits 2 ranging tone at an initial power leved from the 1ISU
on this syne channel, which is somclimes called a ranging
channel. Al the TIDT, step 3952 measures the received power
level, and block 3953 sends an 10C message 3954, causing
step 955 at the [SU to adjust (he power ol ils transmitier 200,
FIG. 24, if necessary. I this cannot be done, message 3956
canses step 3946 1o retone ¥ a secondary 1anging channel,
such as the hipher vpstream sync tone of FIG. 13, and causes
the step 3947 to enabie the secopdary channel at the FIDT. If
this loop also fails, exit 3957 reports @ hard fatlure to the
sysicm logic.

Blocks 3960 align (he symbol or frame timing between the
[5U and the HIYI. Step 3961 measures the phase of the 1SUs®
ranging tone wilh respeet 1o the syne lone that the HDT is
sending to all ISUs at all times. FIG. 11 shows this signal,
labeled “8§ kHz frame clk™ in FIG. 24. Step 3962 sends mes-
sages 3963 as necessary o cause the ISU modem to adjust the
timing of its ranging tone, in step 3%64. When this has com-
pleted, hlock 3965 detects whether or not groups of lour
[rames are alipned correctly as botween HDT and 1SU; this
grouping delineates boundaries of IOC messages, which are
four frames long. The sync tones continually repeal a diller-
ential BPSK paticrn 010100101 0101 0101 over a period of
16 [rames; that is, cach bil occupies 125 microseconds, the
duration of one frame. Thus, the space between the fourth and
fifth bit, and between ihe sixtecnih and first, can mark the
multiframe boundaries, 3f alignment is incorrect, sicp 3966
sends message 3967, causing the 15U to bump the phase of its
“2 kHz superframe clk.” FIG. 24. 1[ step 3961 or step 3965
cannot reach the correct phase after a certain number ol sleps,
[ail exits 3969 report a hard failure,
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Steps 3980 complete the induction of the new 13T into the
system. Step 3981 ums ofl the mnging tone at the 18U, tells
the HDT at 3982 that it is locked in, and returns to the subband
at which it was operating in step 3944. Step 3283 requests
preliminary configuration or capability data from the ISU, in
message 3984, wherenpon step 3985 reads an internal table
3986 confaining parameters indicating capabilities such as
whether the TSUJ can tune only odd of cven channel numbers, ~
and other physical limitations of that pardicuiar madem.
When message 3987 has communicated these parameters,
step 3988 selects a particular subband of 10 or 130 payload
chanpels (for an HISU or an MISU respectively). Message
3989 causes step 3990 to tune the 18T to the proper subband.
Meanwhile, the [IDT is acquiring an IOC data-link (IDL)
channel, as described hereinbelow, al step 3991, Step 3992
then sends message 3993 to the ISU, which reads the rest of
the modem configuralion and specifications from table 3986
at step 3994, and transmils them over the IDL chimncl at
3995, The HD'T stores pertinent information concerning, that
ISTI for future reference. The purpose of sending ISU data to
the HDT is to accommodaie various ISU models having
greatly differing capahilities, and te allow continned nse of
legacy ISU equipment when the DT has been upgraded to
include additional capabilitics.

During and after the process ol FIGE. 47 and 48, the ISU
recciving modem, FIG. 22 or 23, mus! track (he acquired
frequency and symbol iiming of (he HDT {rnsmitling
modem of FTIG. 21. The practicaliiies of & multicarrier (MC)
syslem imposc requirements which are not obviens from
experience with TDMA (lime division multiple-access) and
olher conventional forms of bidirectional muitipoint net-
works and systems, nor in point-to-muktipoint (“broadcast™)
multicarder networks, In TIXMA and similar systems, slight
enors in frequency and timing, and larger errors in amplitude,
can be compensated by tracking the received signal. In a
broadcast MC system, all carricrs are synchronized at the
head end, and can again be tracked at the receiver. In a bidi-
rectional multipoini-lo-point multicarrier system, however,
the HDT receiver must sce all channels as though they had
been generaled by a single source, because the HIYL decodes
all channels in an entire 6§ MHz band as a single entity, with a
single FFT. Evcn slighl errors among {he mdividusl ISUs in
their 10-channel and 130-channel subbands causes severe
distortion and inter-symbo! interference when the HDT FET
inverts the channeis hack into symbol strings for multiple
D50 chaimels. The errors o be controiled are frequency,
symbol {iming, and signal amplimde, Amplitude (power
level)'in particular has been found (o be much morc stringent
than In previons systems.

At all times after the ISU rcceiving modem FIG. 22 or 23
has acquired the signal of HIYT transmitting inodem FIG. 21,
it must track gradual chunges in frequency, phase, snd symbo?
timing caused by drift and other changes in the plant. F1G. 4%
shows 1 method 4600 for tracking these changes. Steps 4010,
executed by vnit 153, FIG. 22 or 155, FIG. 23, track the
downsiream power level to compensate Tor slow gain chanpes
in the plant. Step 4011 measures an averape signal level by
known methods from the outpul of FFT 170 or 180. If it is
carrecl, exit 4012 takes no action. If the error is wrong but
within a predetermined threshold of the correct value, block
4013 adjusis a coefficient ol cquatizer 172 to retumn the signal
tevel to its nominal value. If the sipnal level changes more
than a certain amounl, or if it changes rapidly cnough, the
signal has probably been fost entirely. In (hat case, exit 4014
exils tracking mode; it may reenter the ranging procedure of
FIGS. 47 and 48, or il may merely signal an errorio the HDT.
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Steps 4020 track carrier frequency in unit 146, FIG. 22 or
23. An HISU modem of FIG. 23 receives a subband having,
ten payload channcis and one I0OC at the center, as shown in
FIG. 16, When this narrowband moedem is tuned to the sub-
band, the sync fones are no longer within its frequency range.
Therefore, step 4021 measures the phase of the IOC channel
within the curreally tuned subband, rather than the sync tone
used in FIGS. 47 and 48. Step 4022 smoothes any phase error
between the received canier and the locally generated signal
from generalor 168, IIG. 22, (o prevent jitter. The frame
clocks of bath (he receiving modem FIG. 23 and the upstream
trunsmitter FIG. 24 use Lhis clock; that is, the clocks are
focked together within the FIISU modein. Step 4023 updates
the [requency of a local oscillator in RF synthesizer 157. 1t
should be noted here that the location of the TOC in themiddle
of the subband eliminates any offset phase error which oth-
erwise must be compensated for, Steps 4020 may be (he same
for an M1SU modem, F}G. 22; this modem has a 130-chauncl
bandwidth, as shown in FIG. 16. The wider bandwidth of this
modemn incindes multiple I0C tones for tracking, The modem
may usc onc of them, preferably near the middle, or pairs of
tores offsct from the center of (hc subband.

Step 4030 trucks symbol timing. Step 4031 samples (he
{requency error between the received symbols and the local §
kHz symbol sampling clock. Il the sampling frequencies
differ by more than about 2 ppm between the HDT and the
18U, the synthesized tones progressively deparl from their
bins at the receiving FFT until the equalizer can no longer
track them. Step 4012 receives the sign of the sampling crror
from step 4031, and applies a small 0.5 ppm correction ta the
frame frequency. Process 4000 takes places in real {ime, in
parallel with other processes,

Aficr the upstream imnsmitting modem 101 portion shown
i F1G. 24 has ned to a subband in FIGS. 47 and 48, it and

the: upslream receiving modem 82 portion of FIG. 26 must :

conlinuc fo rack inamplilude, [requency, and timing,. Thense
of multicarricr (MC) lechnolopy imposes some requirements
which are not obvious from experience with TDMA (time-
division muitiple access) or other bidircelianal multipoint
techmologies, nor from paint-to-multipoint {broadceast) MC
networks and systems. ln TDMA and similar systems, slight
errars in frequency and timing, and larger ermrs in signal
amplitnde, can be compensated by tracking the signal at the
receiver, In broadcast MC syslemns, all carriers are inherently
synchronized at the head end, and can be tracked adequately
at each receiver separately. In a bidirectional multipoint-to-
poinl multicartier piant, however, the head-end roceiver sees
all channels as though they had been generated by a single
source, because the HDT decodes ail channels in an entire 6
MHz band as a single orthogonal wavelorm, wilh a single
FET converter. Bven slight errors among the various ISUs in
their 10-channel and 130-channel subbands can cause severe
distortion and inter-symbol interference when ihe FFT in
modem 82 portion of FiGi. 26 converts the channels back into
bit strings for multipte XS0 channels. The parameters to be
controlled are [requency, symbol timing, and signal smpli-
tude or power level. Frequency and timing can be tracked in a

mauncr similar to stops 4020 and 4030 of FIGS. 47 and 48..

Amplitude, however, has been Tound to be more eritical than
in previous syslems.

FiG. 50 depicts a method 4100 for tracking changes in the
vpstream channel signal amplitode. Afier FIGS. 47 and 48
have broupht the TSU] transmitting medem of FIG. 24 on line,
its amplitde must be balanced with that of alf olher ISUs in
the system. Again, if different vpstream subbzands were
received by dilferent hardware, or in a TDMA fashion, where
amplitude traeking could be particularized in frequency and/
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or time, a conventional AGC circuil could (rack amplitude
variations adequalcly. In the embodiment described, power
variaficns greater than aboul ¢.25 JdB [rom cne subband lo
another cause a significani amount of distortion and inter-
symbol interference. In a physical system al, suy, a 20 km
radius, variations in the upstream signal level al (ke head end
may vary by 20 dB3 or more for dilferent 15U Jocations, and
may additionally vary signilicanily over ime becausc of tem-
perature dilferences, channel loading, compenent aging, and
many other factors. Conveniional methods cannotl achicve
both the wide dynamic range and the high resolution required
for an MC bidirectional nltipoint-to-point system.

The steps in the leli column of FIG. 5¢ are performed
within each ISU; the HDT performs the steps on the right.
Step 4110 sclects a number of payload chanuels for momitor-
ing from table 4111, The channels musl include one chamel
from each separate 15U, but need not include more than one.
An MISU thus needs time in only one of its 130 payload
channels, a very Jow overhcad. A 10-channel [TISY! subband,
however, may require time in mare than onc of its 10 payload
channels, because multiple HISUs can share the same sub-
band. Of course, a powered-down ISU, or one having no
upsircam paylozd chamels provisioned fo #, need not par-
ticipate in blocks 3941 of FIG. 47, hecanse it does not frans-
mit upstream at afl. (Tt is alernatively possible to employ IOC
channels instead of payload channels for this purpose.
Although requiring less overhead, suchuse is peneraliy much
more complex 0 implement.)

Aller ranging procedure 3900 has acquired a correct initial
pawer fevel, step 4120 performs a scan every 30 mscc. for all
the selected payload channcls, as indicated by arrow 4121.
BEach ISU responds at 4338 by sending a message 4131 on its
sefected upstream channel when the scun reaches that chan-
nel, In step 4149, the HDT measures the received power level
from cach [SU scparately. I the signal amplinode is within a
certain range of its previous value, then steps 4150 compen-
sate for the variation al the HDY. Siep 4151 smoothes the
crrors over several scans, to prevent sudden jumps from &
singje glitch. Step 4152 then adjusts the coefficients of equal-
izer 214 in the upstream receiving porlion, FIG. 26, of modem
82, FIG. 3, to compensate for the variation, This sequence
compensates for small, slow varialions at a high resolution;
the equalizer steps are small and very linear.

Step 4140 may detect that the HDT equalizer is for from
nominai, near the end of its range, say, 4 dB up or down {rom
nominai, for an equalizer haviog 4 £5 dB range of 0.25 dB
steps. This condition might occur for a large number of accu-
mulated smatl errors, or # could be cansed by a sudden, major
change in (he syslem, such as a break in an optical fiber
followed by an awfomatic switch t©o another fiber having a
differcnt length. Steps 4160 compensate for this condition at
the transmitting (15U) end, rather than at the receiving (HDT)
cnd. The HDY then stops the channe) ecan at step 4161, and
step 4162 sends an amplitude-error message 4163 over an
10C channel, addressed to the offending ISU. The message
specifies the amount and direction of the compensation ta be
applied, The ISU applies this correction at step 4170 o very

.. .the power output ofits transmitter 200,TIG. 24. Conventional

68

45

transmitter power conlrofs, such as a PIN attenvator diode
201 in power amplifier 200, are typically refatively coarse and
nonlincar, bul (hey do possess & wide range of adjustment.
DAC 203 receives J0C messages to control attenzator 201.°1o
allow the head-end equalizer to track the changing power
more casily, step 4162 applies the comection over a long
period of Gme, for example, 4-5 sec/dB; but, if the monitored
channe] is the only channel connecled to thal ST, the entire
curreciion can be made in a single large step. Instead of
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controlling adjustment speed af the ISU, the head end may
send ndividoal timed IGC messages for multiple padial cor-
rections; the dowaside is increased message trallic on the 30C
channels. ISUs may come online and be powered down atodd
times. To preven! a feckless altempt at cormeciion when an
ISU is powcred down, or its signal has been lost for some
other reason, step 4140 further detects a condition of substan-
(ially zero power received from the ISU. In that event, sicp
4180 setsthe head-end equalizer to #s defolt value and keeps
it there.

Thus, power-leveling blocks 3950 take advantage of the
characteristics of the syslem to adjust both ends in a way
which achieves both high resclution and wide dynsmic mnpe.
The digital control available in the head-end equalizer pro-
vides precision and finearity in tracking slow changes, and the
analog contro! al the ISU provides a wide range, and siill
allows the head cnd to track out inaccuracies cansed by its
coarse and nonlinear nature.

Call processing in the communicalion systcm 10 entails the
manner in which a subscriber is allocated channels of the
sysiem for telephony transport from the HDYT 12 {o the ISUs
100. The present communication sysiem in accordance with
the present invention is capable of supporting both ¢all pro-
cessing techniques not involving cancentration, for examnple,
TR-8 services, and those involving concenization, such as
TR-303 services. Concentration occurs when there are more
15U terminations requiring service than there are channels {o
service such ISUs. For example, there may be 1,000 customer
line terminations for the system, with only 240 payload chan-

nels which can be allocated (o provide service to such cus- -

tomers. Where no concenlralion is required, such as for TR-8
operation, channcls within the 6 MI3z spectrum are statically
allocaied. Therefore, only reaflacation of ¢hannels shall be
discussed further below with regard 1o channel monitoring,.

On the other hand, for dynaniically allecated channels to
provide concentration, such as for providing TR-303 scr-
vices, the HDT 12 supports on-demand ailocation of channcls
for transport of telephomy data over the HEC disiribution
network 11. Such dynamic allocation of channels is accom-
plished utilizing the IOC channcls for communication
between the HDT 12 and the ISUs T60. Channels are dynami-
cally aflocaied Jor calls being received by a customer at an
ISU 109, or for calls originated by a customer at an IS17 198,
The CXMU 56 of [IDT 12, as previously discussed, imple-
ments }0C chanvels which carry the call processing informa-
tion between the HDY' 12 and the ISUs 100. In pariicular, the
following eall processing messapes exist on the I0C chan-
nels. They include at least a line seizure or off-hook message
from the ISU to the IIDT; line idle or on-hook message from
ihe ISLJ to the HDT; enable and disable line idle detection
messapes between the HDT and the ISUs.

Call processing in the communication system 10 entails the
manner in which a subscriber is allocated chanpels of the
syslem Jor telephony transporl from the 1IDT 12 to the ISUs
100. The present communication sysiem in accordance with
the present invention is capable of supporting both ¢all pro-
cessing techniques nat involving concentration, for cxample,

TR-8 services, and those involving concentration, such as .

TR-303 services, Concentration occurs when there are more
ESU terminations requiring service than there are channcls to
scrvice such 1S17s. For cxample, there may be 1,000 customer
line terminations for the system, with cnly 240 payload chan-
nels which can be allocaled lo provide service to such cos-
tomers. Where no concentralion is required, such as for TR-8
operation, channels within the 6 MHz spectrum are statically
allocated. Therefore, only reallocation ol channels shall be
diseussed [urther below with regard lo channel monitoring.
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On the other hand, for dynamieally allocated channels to
provide concentration, such as for providing TR-303 ser-
vices, the HD'T 12 supports on-demand allocation ofchannels
for transport of lelephony data over the HFC distribulion
network 11. Such dynamic aflocation of channels is accom-
plished utlilizing the ¥OC channels for communication
between the [IDT 12 and the 18Us 100, Channels are dynami-
cally allocated for calls being received by a customer at an
ISUJ 100, or [or calls originated by a customer at an 15U 100.
The CXMU 56 of HIYT 12, as previously discussed, imple-
ments HOC channels which camry the call processing informa-
tion belween the HDT 12 and the ISUs 100. In particular, the
following call processing messapes exist on the 1OC chan-
nels. They include at least a line seizure or ofl-hook message
[rom the }SU te the HDT; line idle or on-hook messape from
the ISU m the HDT; couble and disable line idle detection
messages between the 1IDT and the [SUs.

For @ call to a subscriber on the HFC distribution network
1%, the CTSU 54 sends a message ta the CXMU 56 associated
with the subscriber line termination and instructs the CXMU
56 to allocate a channel for transport of the call over the HFC
distribution netwaork 11. The CXMU 546 then inseris a com-
mand on the [OC channel to be received by the ISU 160 (o
which the call is intended; the command providing the proper
nformation 1o the CXSU 102 to alert the IS1 100 as 1o the
allocated channel, When a call is originated by a subscriber at
the 1SU side, each TSUT 04 is responsible for moniloring the
channel umits for line seizure. When line scizure is detected,
the TSU 100 must communicate this change along with the
TIN address code for the originating line to the CXMU 56 of
the HDT 12 using the upsiream 10C operation chanuel. Once
the CXMU 56 correctly receives the line seizore message, the
CXMU 56 forwards this indication to the CTSU 54 which, in
turn, provides the necessary information o the switching
network to set up the call. The CTS1 54 checks the availabil-
ity of channels and allecates a channel for the call originated
atthe ISU 100, Once a channel is identified for completing the
call from the ISU 100, the CXMU 56 allocales (he channel
over the downstream TOC channel to the ISU 00 requesting
line seizurc. When a subscriber returns on hook, an appropri-
ate line idle message is sent upstream to the HDT 12 which
provides such informalion to (he CTSU 54 such that the
channe! can then be allocated again to support TR-303 ser-
vices.

Idle channel detection can feriher be accomplished in the
modem utilizing another technique. After a subscriber st the
ISU 100 has ferminated vse of a data payload channel, the
MCC modem 82 can make a detennination (hat the previ-
ously allocated chaanel is idle. Tdie detection may be per-
Tormed by utilizing the equalization process by equalizer 214
{FIG. 26) which examines the resuits of (he FFT which out-
puts a complex (I and Q componeni} symbol value. An error
is calculated, as previously described herein with respect to
equalization, which is used to update the equalizer coelli-
cients. Typically, when the equalizer has acquired the sipnal
and vatid datu is being detected, the error will be small. In the

-event that (he signal 1s. terminated, the error signal will

increase, and this can be monitored by signal to noise monitor
305 (o defermine the termination of the payload data chaonel
used or channel idle status. This information can then be
utilized for aflocating idle channets when such opemtion of
the system supports conceniration. The equalization process
can also be utilized to determine whether an unallocated or
allocated channel is being corrupted by ingress as shall be
explained in [urther detail below with respect to channel
monitoring.
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The tclephony lransport syslem may provide for channel
pratection from ingress in several manners. Narrowband
mgress is a narrowhand signal (hal is coupled into the trans-
mission [rom an exlernal source. The ingress signal which is
located within the OFDM wavelonn can potentially take the
colire band offline. An inpress sipgnal is {most likely) not
arthoponzl to the OFDM carrers, and under warst case con-
ditions can inject interlerence inlo every OFDM carrier signal
af a sufficient level to cormupt almost every D804+ to an extenl
that performance is degraded below a minimum bit error rate.

One method provides a digitally tunable notch flier which
includes an interference sensing algorithm lor identilying the
ingress location on the frequency band. COunce located, the
filtering is updated to provide an arbitrary filter response to
notch the ingeess from the OFDM waveform. The filler would
oot be parl of the basic modem operation but requires the
identification of channcls that are depraded in order to “lune”™
them out. The amount of chasnels lost as a result of the
[iltering would be determined in response to the hit errar rate
characteristics in & frequency region to determine how many
channels the ingress actually comrupied.

Annther approach as previously discussed with respect to
the ingress fiker and FFT 112 of the MCC upsiream receiver
architecture of FI(G, 26 is the polypbase [ilter siructure. The
cost and power associated with the (lter arc absorbed at the
HIDT 12, while supplying sufficient ingress protection for the
system. Thus, power consumption at the ISUs 100 is not
increased. The preferred filter structure jnvalves two slag-
gered polyphase filters as previousty discnssed with respect lo
FIGS. 31 and 32 although usc of onc filter is clearty contem-
plated with loss of some channcls. The filter/transform pair
combines the filter and demodulation process mto a single
step. Some ol the featores provided by polyphase filtering
inchude the ability 1o protect the receive band apainst narrow-
band jngress and ailow for scalable bandwidth usage in the
upstream lransmission, With these approaches, if ingress ren-
ders some channels unusable, the HDT 12 can caommand the
1SUs to transmit npstream on a different carrier frequency to
aveid soch ingress.

The above approaches for inpress protection, including al
least the nse of digital tunabje noteh filters and polyphase
fillers, are equally applicabic to point to point systems utiliz-
ing multicarrier transporl. For example, a single MISU trans-
porting to a single HD'T may use such techniques. In addition,
unidirectional multi-point to point transport may alse utilize
such techniques for inpress protection.

In addition, chanoel monitoring and allocalion or realloca-
tionbased thereon may also be vsed to avoid ingress. Fxternal
variables can adversely affect the quality of 2 given channel.
These variables are nuneraus, and can raoge [rom cleciro-
mapnet interference to a physical break in an optical fiber. A
physical break in an optical fiber severs the communicalion
link and cannot be avoided by swiiching channels, however, a
channel which is electrically inlerfered with can be avoided
until the interference is gone. Alier the interference is gone
the channel could be used again.

Referring to F1G. 40, a channel monitoring method is used

10 detect and avoid use of comrupted channels, A channel .

monitor 296 is used to receive events [rom board support
software 298 and update a channel quality lable 300 in a Jocal
database. The monitor 296 also seids messages o a fault
isalator 302 and to channel ailocator 304 for allocation or
reallocation. The basic input to the channel monitor is parity
crrors which are available from hardware per the XS0+ chan-
nels; the DS0+ channels being, 10-bit channels with one of the
bits hrving a parity or dala integrity bit inserted in the channel
us previously discussed. The parity error information on a
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particular channel is nsed as raw data which is sampled and
integrated over time to arrive at a qualily slatus for that chan-
nel.

Parity errors are infegrated using two time frames for each
of the different service types including PGTS, ISDN, DDS,
and D81, to determine channel status. The first integration
routine is based on a short integration time of one second for
all service types. The sccond routine, long integration, is
service dependent. as bit error rate requirements for various
services require differing infegration fimes and monitoring,
perieds as seen in Table 4. These twe methods are described
below.

Referring to FIGS. 41, 42, and 43, (e basic short integra-
tion opcration is described. When a parity emor 5000 of a
channel is detecied by the CXMU 56, a parily inlermpt is
disabled by setting the interropt pricrity level above that ofthe
parily interrupt 5001 (F1G. 41). If a modem alarm is received
which indicates a received signal failure, parily erors will be
ignored vntil the failure condition ends 5002, Thus, some
Tailure conditions will supersede parity error monitoring.
Such alarm conditions may include loss of signal, modem
Tailure, and loss of synchronization. Tf & modem alarm is not
active 59804, a parity count 1able is updaied 5006 snd an error
timer event as shown in FIG. 42 is enabled (5008).

When the emor fimer evenl is enzbled 5100, the channel
monitor 296 cnters 2 mode wherein parity error registers of
the CXMLUJ 56 are read cvery 10 milliseconds and errorcounts
are summarizex alier a one second monitoring period 5105.
Gencrally, (he crror counts are used to vpdate the channel
quality database 5334 and determine which {if any) chanuoels
require re-allocation. The channel gualify table 300 of the
database contsins an ongoing record of each channel. The
table organizes the history of the channcls in catepories such -
as: cument 15U assigned 1o the channel, start of ponitoring,
end of monitcring, total error, erors in last day, in last week
and in last 3¢ days, number ol scconds since last error, severe
erors in fast day, in last week and in last 30 days, and current
service type, such as ISDN, assigned to the channed.

Az indicated in FIG. 41, afier the parily inicrrupl is disabled
and no aclive alarm exists, the parity counts are updated 5006
and the timer cvenl is enabled 5008. The timer cvent (F1G.
42), as indicated above, includes a one second loop where the
crrors are monitored. As shown in FIG, 42, if the one second
loop has not elapsed 5110, the error counts are continued 1o be
updated 5104, When the second has elapsed 5104, the errors
are summanzed 5128, If the summanized errors over the one
second period excecd an allowed amount indicating that an
allocated channel is cormupted or bad 5121, as described
below, channel allacator 364 is notifed 5123 and ISU trans-
mission is reallocated Lo a dillerent channel. As shown in FIG.
43, when the reallocation has been compleied 5200, the inter-
rupl priority is lowered below parity 5210 so that channel
moniloring conlinues and the channel quality datubase is
updated 5215 concerning the actions taken. The reallocation
tagk may be accomplished as a separate sk from the error
timer 1ask or performed in conjunction with (hat task. For
example, the reallocator 304 may be part of channel monitor
296. . - - S
As shown in FIG. 44 in an sltemale embodiment of the
error timer task 5110-2 of FIG. 42, channcls can be deter-
mincd to be bad 5304 before the one second has elapsed. This
altows the channels thal are detennined to be cormupted dur-
ing the initial portion of a one second interval to be quackly
wdentificd and reallocated 5308 without waiting for the entire
one second to clapse.

Instead ol reallocation, the power Jevel for transmission by
the ISU may be increased to overcome the ingress on the
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channel as indicated in FIG. 124. owever, i the power level
on one channel is increased, the power level of at least one
other channel must be decreased as the overall power level
must be kept substantially constant. If all channcls are deter-
mined bad 5306, the fault isolator 302 is notified 5320 indi-
cating the probability that a critical failure is present, such as
a fiber break. If the summarized errors over the one sccond
period do not exceed an allowed amount indicaling that Lhe
allocated c¢hannel 1s not corrupted, the inlerrupl priority is
lowered helow parity 5210 and the error timer event is dis-
abled 5332. Such event is then ended 5350 and the channels
once again are monitored for parity ermors per FI1G. 41,

Two issues presented by perjodic parity monitoring as
described above must be addressed in order to estimate the bit
crror rate corresponding Lo the observed count of parity errors
1240 in a monitoring period of one sccond to determine if a
channel is cormupted. The first is the nature of party jtself.
Accepled practice lor data formats using block error detec-
tion assumes Lhat a block error represents one bit of error,
even though the error actually represents a large number of
data bits, Due to the namre of the data transporl sysiem, emmors
injected into modulated data are expected to randomize the
data. This means that the average block error [mme will
consist of Tour (4) block error data bits {(excluding the ninth
hit), Since parity detects only odd bit errors, half ol all block
error frames are aot detected by parity, Therefore, each parity
{{ramme) crror induced by lransporl inlerference represents an
average ol 8 (data) bils of cror. Second, each monitoring,
parity error represents 80 frames of data (10 ms/125 ps).
Since the parity error is latched, all ermors will be detected, but
multipke errors will be detected as one crror.

The: bit emor rate (BER) used as # Lasis lor defermining
when (o reatlocate a chznnel has been chosen as 1072, There-
fore, the accepmhle number of parity errors in & cne second
interval that do not exceed 1072 must be determined. To estab-
lish the acceptable parity crrors, the probable number of
frame errors represented by cach observed {monitored) parity
error must be predicted. Given the pumber of monitored
parily errors, the probable number of [rame errors per moni-
lored parily error, and (he nuimber ol'bit crrors represented by
a {rame (parity} crrar, a prubable bit crror rate can be derived
1242,

A statistical technique is used and the following assump-
tions are made:

. 1. Brors have a Poisson distribution, and
2. If the number of monitored parity errors is small (<10)
with respect to the total mmber of “samples™ {100}, the
monilored parity error rate (PER) reflects the mean
{rame errur rate (FER).

Since s monitored parily ermor {MPE) represents 80 frames,
asswnpiion 2 implies that the nnmber of frame errors (FEs)
“behind” each parity error is equal to 80 PER. That is, for 100
parify samples at 10 ms per sample, the mean number of
[rame errors per parity error is equal o 0.8 (imes the count of
MPEs in one second. For exampie, if 3 MPEs are observed in
a one second period, the mean nember of FEs for cach MPE
is 2.4. Multiplying (he desired bil error rate times the sample
size and dividing by the bit crrors per frame error yields the
cquivalent number of frme crrors in the sample, The number
oI FEs is also equal to the product of the munber of MPEs and
the: number of FEs per MPE. Given the desired BER, a solu-
tion sel is defermined as illostrsted betow in Bguation 1,
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FE : (Etguation 1}
(HPEW} =08 MPE

The Poisson distnbution, as illustrated below 1y Equation
2, is used to compule the probability of & given nminber of FEs
represented by a MPE (i), end asswnption 2, above, is used to
arrive af the mean number of FEs per MPE (ju).

e* ,u"‘ (Egeation 2)

o=

Since the desired bit error rate is a maximum, the Poissen
equation is applied successively with values Tor of O up o
the maximum number. The sum of these probabilitics is the
probability that no more than x frame emors occurred for each
monitored parity crror.

The results for a bit crror mte of 107° and bil errors per
frame crror of 1 and 8 are shown below in Table 3.

TABLE3
Bit Error Rare Probahilib
Maximin
Bit Boors  Monditored  Frame Frrore! Averape Frame  Prohability
per Fmme  Parity Monitored  ErorsMonitomed af

Error Errors Parity ot () Parity Foor () BER <-1073

B 2 4 1.6 Q8%

3 ] 24 K

-4 2 32 8%

i 8 8 6.4 R0%

g 1 1.2 S6%

10 7 RO 45%

Using (his lechimque, a vaive of 4 monitored parity ermors
detected during a one second integrationr was detennined as
the threshold to realtocate service of an ISTJ to a new channel.
This result is arrived at by assuming aworst casc of 8 bil errors
per frame error, but a probability of only 38% thai the bit error
rate is better than 107", The product of the bit error per frame,
monitored parity errors and maximum frame errors per momni-
tored parity error must be 64, for a bil ermor rate of 1073 (64
errors in 64 k bils). Therefore, whenthe sampling of the parity
errors in the crror timer event is four or grester, (he chuannel
allpcator is notificd of a corrupted channel 1244. If the
sumpled monitored parity errors is less than 4, the interrupt
priority is lowered below parity and the error timer event is
disabled, ending the timer errar cvent and the channels are
then menitored as shown in FIG. 41.

The following is a description of the long integration
operation performed by (he background monilor rouline
(FIG. 45) of the channel monitar 2946. The background moni-
tor routine is uscd lo ensure quality inteprity for channels
requiring greater quality (han the shor integration 107 bit
crror rate. As the Aow diagram shows in FIG. 45, the back-
prour] monitor oufing opetrates over a specified time for
each scrvice type, updales the channel guality database 6906
table 309, clears the backeround count 6088, determines if
(he integraled ermors exceed the allowabie limits determined
Tor each service type 6010, and nolilies the channel allocator
304 of bad channels as needed 6012.

In operation, on one second intervals, the background
moniter updates the channel quality databasc 6006 table.
Updating the channel quality data tuble has two purposes. The
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first purpose is to adjust the bit error rale and number of
errored seconds data of error free channels to reflect their
increasing quality 1246. The second purpose is fo inlcgrate
intermitien! errors on monitored ¢hanncls which are experi-
encing error Jevels 100 low to resukt in short mlepralion time
reallocation (less than 4 parity errorsfsccond). Channels in
this catepory have their BER and nunbers of errored seconds
data adjusted, and based on the data, may be re-aliocaled. This
is known as long integration time re-allocation, sand the
defanlt criteria for long, integration time re-allocation for each
service type are shown as follows n Table 4:

TABIE 4
Service Maxammm Brrored Monitoring
type: BER: Iatcgrmtion Time:  seconds Perod:
POTS 1072 1 second
ISDN s 157 seconds 8% I howr
nos 1wr? 157 seconds  0.5% 1 Lour
D81 r? 15,625 seconds  0.04% 7 hours

Because POTS service does not require higher quality than
1073, corrupted channeis are sufficiently eliminated vsing the
short integration technigne apd long infegration is nol
required. As one cxample of lang integration for a service
type, the background monitor shall be described with refer-
ence to a channel used for ISDN transport. Maximum bit error
rale for (he channel may be 107%, the number of seconds
ulitized lor nlepration time is 157, the maximum vember of
errored seconds allowable is 8% of the 157 scconds, and the
moniloring period is one hour. Therefore, if the sunnnation of
errored seconds is greafer than 8% over the 157 seconds in
any one hour meonitoring periad, fhe channel allocator 304 is
notified of a bad channet for ISDN (ransport.

TInallocated or mimised channels, bot initialized and acli-
vated, whether used for reallocation for non-concentration
services suchas TR-8 orused for allocation or reallocation for
concentration services such as TR-303, must also he moni-
tored to insure that they are not bad, thereby reducing the
chance (hal a bad channe? will be allocated or reallocated to an
ISU 1040. To monitor unallocated channels, channe! monitor
296 vses a backup manager rovline (F1(5. 46) to sct up unat-
located chamnels in a Joop in order fo scecumntate error data
used fo make allocation or re-allocation decisions, Wlen an
unzllocated channel experiences errors 6110, il will not be
allocated 1o an ISU 108 for one hoor 6118. Aficr (ke channel
has remained idie (unallocated} for one hour, the channel
monitor places the channel in a }Joop back mode 6120 to sec il
the channel has improved. In loop back mode, the CXMU 56

commands 2n initializcd and activated TSUJ 141} to transmit a

message on the channcl long enongh to perform shor or long
integration on the party ermors as appropriaie. In the loop
back mude, il can be defermined whether the previously eor-
rupted channel has improved over time and the channel qual-
ity database is npdated accordingly. When nol in the loop
back mode, such channels can be powered down. As
described above, the channel quality database includes inlor-
matjon to ajlow a reallocation or allocation io be made in such
a manner that the channel used for allocation or reatlocation
is not corrupled. In addition, the information of the channet
qualily database can be utilized to rank (ke upallacated chan-
ncls ag for qualily such that they can be allocated effectively.
For example, a channel may be good enough for POTS and
not good enough for [SPN. Another additional channel may
be good enough lor baih. The additional channel may be held
for ISDN transmission and not nsed for POTS. In addilion, a
particular standby channel of very pood qualily may be set
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aside such that when ingress is considerably high, one chan-
nel is always available to be switched to,

In addition, an estimate of signal o noise ralio can also be
determined for both unallocated and atlocated channejs uti-
lizing the equalizer 214 of the MCC modem 82 upstream
receiver archilecture a5 shown in FIG. 26 and FIG. 125, As
deseribed earlier, the equalizer was previously utilized to
determine whether a chammel was idle such that it could be
allecated. Dudng operation of the equalizer, as previously
described, an error 1s generated to update the equalizer coct-
licients. The magnitude of the error can be mapped inlo an
estimate of signal to noise ratio (SNR) by signal to noise
monitor 305 (F1G. 26). Likewise, an unised channel should
have no signal in the band. Therefore, by looking at the
vurance of the detected signal within the unused FFT bin, an
estimate of signal {o noise rativ can be delermined. As the
signal to noise ratio estimate is dircctly related to a probable
bit error rate, such probable bit error rate can be utilized for
channel monitoring in order to determine whether a bad or
good channe! exists.

Therefore, for reallocation for non-concentration services
such as TR-8 scrvices, reallocation can be perlormed to unal -
locatex channels with such unatlocated channels monitored
through the loopback mode or by SNR estimation by utiliza-
tion ol the equalizer. Likewise, allocation or reallocation for
concenlration services such as TR-303 scrvices can be made
io vnallocated channels based npon the quality of such unal-
located channels as determined by the SNR estimation by use
of the equalizer.

With respect to channel silocalion, a chunnel allocator
routine for channel allocalor 304 examines (he channel qual-
ity database tahle te determine which IS0+ channels to allo-
catc to an ISU 100 lor a requested service. The channel
allocator also checks Lhe status of the ISU and channel units to
venify in-service status and proper type for the requested
service. The channel allocator attempts fo inaintain an opti-
mal distribution ol the bandwidth at the [SUs to permit fex-
ikility for channel reallocation, Since it is preferred that 1SUs
100, at least HISUs, be able to access only a portion of the RE
band at any piven time, the channel allocater must distribute
channel usage over the ISUs so a& to not overload any cne
section of bandwidth and avoid reatlocating in-service chan-
nels to make room for addilional channels.

The process used by the channel allocator 304 is io allocate
equal numbers of cuch ISU type 1o each band of channels of
the 6 MHz spectrum. If necessary, in use channcls on an ISU
can be moved to a new band, ifthe corrent IS1F band is fuil and
a new scrvice is assipned fo the ISU. Likewise, if a channe}
used by an JSU in one band gots corrupted, the I8 can he
reallocated to a channel in another subband or band of chan-
nels. Remember that the distributed TOC channels continue to
allow communication between the F1IDT 12 and the HISTs as
an HISU always sees one ol (he I0C channeis distributed
throughout the spectrum. Generally, channels with (he long-
est Jow-error rate history will be used first. In this way, chan-
nels which have been marked bad and subsequently reatlo-
cated [or moniloring purposes will be vsed last, since tieir
historics will be shorler than channels which have been oper-
aling in a low error condifion for a longer period.

Second Embodiment of Telephony Transport System

A secend embodiment of an GFDM (clephony transport
system, referring to FIGS. 36-39 shal! be described. The 6
MHz spectrum alloeation is shown in FIG. 36. The 6 MHz
bandwidth is divided into nine channel bands corresponding
to the ninc individual modems 226 (FIG. 37). It will be
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recoguized by one skilled in the art (hat }ess modems could be
used by combining identical operations. Each of the channet
bands includes 32 channels modulated with a quadraturc
32-ary lormat (32-QAM} having five bits per symbol, A
single channel is allocated fo support transler of operations
and conlrol dala (20C control data) for communication
between an HDT 12 and 18Us 100. Tluis channet uses BPSK
modulation.

The transport architecture shali first be described with
respect to downstream fransmission and then with respect o
upstream lransmussion. Referring fo FIG. 37, the MCC
modem 82 architecture of the HIDT 12 will be desenbed. In
the downstream direction, serial telephony mlonnetion and
contro! data is applied from the CXMC 80 throuph the senal
interface 236. The serial dala is de-multiplexed by demulti-
plexer 238 inlo parallel data streams. These dala streams are
submitted to a bank of 32 channcl modems 226 which per-
form symibol mapping and FFT functions. The 32 channet
modems oulput lime domain samples which pass through a
set of mixers 240 thal arc driven by the synthesizer 230, The
mixers 240 create a set of [requency bands that are orthogo-
nal, and each band is then Gitered through (he filler/cambiner
228. The aggregate omlput of the filer/combiner 228 is then
up-converted hy synthesizer 242 and mixer 241 to the [inal
transmitter {requency. The signal is then fitiered by Gher 232,
amplified by amplifier 234, and fiktered apain by filter 232 to
take off any hoise content, The sigpal is then conpled onfo the
HFC diskibution nctwark via tclephony transmitter 14.

On the downstream end of the HFC distribution nerwork
11, an ISU 104 includes a subscriber modem 258 as shown in
FI(3. 38. The downstream signals are received from the QDN
18 through the coax leg 30, and are fillered by filter 260 which
provides selectivily for the entire 6 Mllz band. Then the
signal is splil into two parts. The first part provides control
data and timing information to synchronize clocks lor he
system. The second part provides the telephony data. With the
contml Jata received separately [rom the telephony data, this
is referred to as an out of band ISU {as previously described
above). The out of band control channel which is BPSK
modulated is split off and mixed to baseband by mixer 262,
The signal is then filtered by filter 263 and passed through an
aulomalic pain contol stage 264 and a Costas loop 266 where
carrier phase is recovered. The signal that results is passed
inlo a liming loop 268 50 timing can be recovered far the
enlire modem. The 10C control dats, which is a byproduct of
the Costas loop, is passed into the 32 channel OFDM modem
224 of the 151] 100, The second part of the downstream
OFDM wavetform is mixed to base band by mixer 270 and
associated synihesizer 272, The output of the mixer 27{ is
filtered by filter 273 and goes through a pain control stage 274
0 prepare it for reception, Tt then passes into (he 32 channel
OFDM modem 224.

Relerring 1o FIG. 39, (he IGC control data is hard limited
through lunction biock 276 and provided (o microprocessor
225. The OFDM tclephony data is passed through an analog
1o digital converter 278 and input to a first-in first-out buller
280 where it is stored. When a sufficient amount of inlorma-
lion is slored, # is accepled by the microprocessor 225 where
the remainder of the demodulation process, including appli-
cation of ap FFT, 1akes place. The microprocessor 225 pro-
vides the reecived data fo the rest of the system through the
receive data and receive data clock interface, The FET engine
282 is implemented oll' (he microprocessor. [Towever, one
skilted in the arl will recognize (hat the FFT 282 could be
done by the microprocessor 225.

In the vpstream direction, dala cnicrs the 32 channel
OFDM maodem 224 thmugh (he (ransmil data ports and is
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converied to symbaols by the micropracessor 225, These sym-
bols pass through the FFT enginc 282, and the resulting time
domain wavefomn, including guard samples, goes through a
complex mixer 284, The complex mixer 284 mixes the wave-
fonn up in frequency and the signal is then passed throogh a
random access memory digitml to analog converter 286 (RAM
DAC). The RAM DAC copmins some RAM to store up
samples before being applicd to the analog portion of the ISU
upslream transmitter (FIG. 38). Referring to FIG. 38, the
OF'DM output for upstream transport is filtered by filter 288.
The waveform then passes through mixer 290 where it is
mixed under contro! of synthesizer 291 up to the transmit
frequency. The sipgnal is then passed (hrough a processor gain
conlrol 292 so that amplitude leveling can lake place in the
upstream path, The upstream signal is finally passed through
a 6 MHz filter 294 as a [inal selectivity belore upsircam
1ransmission o) the coaxial leg 30 (o the ODN 18.

in the upstream direction at the HDT 12 side, a signal
reccived on the coax from the tefephony receiver 16 is Rltered
by filter 244 and amplified by amplifier 246. the received
signal, which is orthogonally frequency division multiplexed,
is mixed fo basebane by bank of mixers 248 and assaciated
synthesizer 250, Bach output ol'the mixers 248 is then filtered
by baseband filter bank 252 and cach output time domain
wavelorm is sent then to a demodulator of the 32 channel
OFDM modems 226. The signals pass through a FFT and the
symbols are mapped back into bits. The bits arc then mulii-
plexed together by multiplexer 254 and applied to CXMC 56
through the other scrist inferlace 256.

As shown in this combodiment, (he 15U is an out of hand
ISU as utilization of separate receivers for control data and
telephony dala is indicative thereof as previously discussed.
In addition, the separation of the spectnun into channel bands
is [urther shown. Various other embodiments as contemplated
by (hc accompanying claims of the transport system are pos-
sible by building on the embodiments described herein. Tn
one embodiment, an JOC control channel for at least synchro-
nization information transpord, aad the telephony scrvice
channels or paths are provided info 4 single format. The ¥0C
link between the TIDT 12 and the ISUs 100 may be imple-
mented as four BPSK modulated carriers operating at 16
kbps, yieldinp a data rate of 64 kbps in tolal. Each subscriber
would implement & simple separate transceiver, like in the
second embodiment, which continucusly monitors the see-
vice channel assigned to it on the downstream kink separately
from the telephony channejs. This transceiver would require
a tuned oscillator 10 fune to the service I0C channel, Like-
wise, an JOC chapnel could be provided {or channel bands of
the 6 Mz bandwidth and the channel bands may include
orthogonal carriers for telephony data and an IOC channel
that is received separatcly from {he receplion of the orthogo-
nal carriers.

Tn another embodiment, instead of 4 BPSK channels, a
single 64 kbps TOC chaanel is provided. This single channel
lies on (he OFDM frequency structare, 2lthough the symbol
rale is not compatible with the telephony symbol mate of
OFDM framework. This single wide band signal requires a
wider band receiver at the ISt 100 such that the TOC link
between the HIYT 12 and ISUs is always possible. With single
channei support it is possible to usc a fixed relereace oscilla-
tor that does not have to tune across any part of the band in the
subsecriber units. Tlowever, unlike in the first embodiment
where the JOC channels are distribated across the speclrum
alfowing for parrow band roeeivers, the power requirements
for this embediment would increase becavuse of the vse of the
wide band receiver al the ISU 100,
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In yet anather emthadiment, the IQC link may include two
IOC channels in cach of 32 OFDM channel groups. This
increases lhe yumber of OFDM carriers to 34 from 32 in each
group. Each channet gronp would consist of 34 OFDM chan-
nels and a chanucl band may contain 8 to 10 channels groups.
This approach aliows s narrow band receiver to be used fo
lock to the reference parameiers provided by the HDT 12 o
utilize an OFDM waveform, but adds the complexity of also
having to provide the control or service information in the
OFDM data path format. Because the subscriber could tine fo
any one of the channel groups, the information that is embexd-
ded in the extra carriers musl also be tracked by the central
office. Since the system needs to suppor a timing acquisition
requirement, this embodinent may also require that a syn-
chronizaiion signul be place oll the end of the OFDM wave-
form.

1¢ 15 to be understood, however, that even though numerous
characteristics of the present invention have been set forth in
the foregoing descnptian, together with details of the struc-
ture and function of the livention, the disclosure is Hlustrative
and changes in matters of order, shape, size, and arrangement
of the paris, and various properties of the operation may be
made within the principles of the inventon and to the full
cxtent indicated by the hroad general meaning of the terms in
which the appended claims are expressed,

In he lollowing detailed description of the preferred
embodiments, relerence is made to the accompanying, draw-
inps that form a part hereof, and in which we shown by way
of iliustration specific embodiments in which this invention
may be practiced, It is understood Mt ofher embodimenis
may be used and structural changes may be made wilkout
departing from the scape of the claimed invenlion.

FIG. 70 shows ane embodiment of this invention having an
apparatus, generally indicated as FFT system 21060, which
perfonmns bath forward and inverse FET functions. The input/
output signals 10 FFT system 2100 include some {oz, in one
preferred embodiment, alf) of the following: real data-in 2811
{having san N-bil-wide data palh; in one cmbodiment, this is
10 hiis wide, and bi-directional so H can be both written to and
read [rom), imaginary data-in 2112 (baving an N-bit-wide
data path; in one embodiment, this is 10 bits wide, and bi-
directional so it can be both written to and read [rom), address
in 2113 (having enough bifs to specify addresses for each
mput value or input-value pair}, control and clock lines 21314
that control writing (and reading) data from the input side, test
signals 2115, size-select bits 2136, bit-growth-select bits for
cach of P stages including bit-growth-T bits 2117 thronph
bit-growth-P bits 2118, forward/inverse select signal 2119
which specifies whether to perfonn  lorward or inverse trans-
Torm, power-down command signal input 2109, real data-out
2121 {(having an M-bil-widc dala path, in one embodiment,
this is 10 bifs), imaginary data-out 2122 (having an M-bit-
wide dala path, in one embodiment, this is 10 biis), address
out 2123 (having encugh bits to specify addresses for each
outpui value or ontput value pair)(in one embodiment, these
arc driven by an external device to select output values as they
are needed), control and clock lines 2124 that controi reading,
data from the output side, overflow signal 2125 which indi-
cates Lhal one or more output values has overflowed, and FEFT
complefc signal 2126 which is activated when a trapsform has
been completed.

ASIC 2101 Fabrication

In one embodiment, the FFT sysiem 2100 is fabricated on
an appiication-specific integrated cirenit (“"ASIC™) 2101, a
chip fabneated by .81 Togic Ine, [n this embodiment, Tull
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scan testing cirenits are included into the ASTC 2101 for
testbility. Tn this embodiment, FFT system 2100 is fabri-
cated in LSI Logic LCB500K tcchnology, which is a 0.5
micron rale, 3.3 Voit CMOS (complementary metal-oxide
semiconducior} process.

Funetional Description Overview of FFT System

2100

In one emboediment, ASIC 2101 has four pins, size select
2116, to select between the various ranslorm sizes (that is,
transforms having 2¥ points; where SN 10, thus providing
selectability for a 1024-point transform, a 512-point trans-
form, a 256-point translorm, a 128B-pomi (ransform, a
64-point transform, or a 32-point tansform). In one applica-
lion, iranslorms arecompleted in less than 125 microseconds,
See the “Txccution Tine™ section below for the minimum
clock frequencies necessary to meet this requirement. In one
cmbodiment, when performing a 1024-point fransform, a
clock of al leust approximately 32 MHz is required, In one
embodiment, when performing a 512-point transiorm, a
clock of at least approximately 16.5 MHz is required. Tn one
embodiment, when performing a 32-point translorm, a clock
of at jeast approximately 4 MUz is required.

FIG. 71 is a block diagram ol modem 2400 according lo the
present invention which incindes a FF1 system 2100 conlig-
ured to perform an IFFT in transmitler section 2401 (similar
to the transmilier shown in FIG. 21) and another FFT system
2100 configurcd to pedform an FET in receiver section 2402
(similar 1o (he receiver shown in FIG. 26). In one embodi-
ment, ASIC 2101 has three jogical banks of RAM which are
configurable #s shown in FIG. 72: an input RAM 2251 {(von-
lining a plurality of real input values 2241 and a plurality of -
imaginary input values 22453, an output RAM 2253 (contin-
ing a plorality of real output values 2243 and a phurality of
imaginary owiput values 2247), and a conversion RAM 2252
{containing a plumlily of real conversion valves 2242 axd
2244 and a pluralily of imaginary conversion values 2246 and
2248). In one embodiinent, input RAM 2251 has 1024 com-
plex-valuc posilions, each 20 bits wide (10 bits wide for each
real input valuc 2241 and 10 bits wide for each imaginary
inpul value 2245), oulput RAM 2253 has 1024 complex-
value positions, each 20 bits wide {10 bits wide for each real
output value 2241 and 10 bits for cach imaginary output value
2247) snd conversion RAM 2252 has 1024 complex-value
posilions, each 30 bits wide (15 bits wide for each real con-
version value 2242 and 2244 and 15 bits wide lor each imagi-
nary conversion value 2246 and 2248). (The 5 extra low-order
real bits 2244 and 5 extra low-order imaginary bits 2248 in
each position of the conversion RAM 2252 help to avoid loss
of precision during caleulations.) The iiternal fonctions of
ASIC 2101 have exclusive access fo the conversion RAM
2252 and perform the FFT calculations out ol this convemsion
RAM 2252. The input RAM 2251 is accessible to the user’s
inpul device as an input to the FFT system 2140 {to be written
under external control with input data). The oulpul RAM
1253 is accessible to the user’s oufput device as an oufput
source (to_be read under external control to obfain oufput
data). In one embodiment, the rising edge of an approxi-
mately 8-KHz frame clock 2108 is used to stard the compn-
tation of each transform (for example, either a 1024-point
FFT, or a 1024-point IFFE).

In one embodiment, the functions of afl three hanks of
RAM are also “permuted” on the rising edpe of this 8-KHz2
frame clock 2108, belore each FFT calculation stants. As used
herein, (his “permutation” changes the function of each hank
of RAM without actoally moving data; inpit RAM 2251
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becomes conversion RAM 2252, conversion RAM 2252
becomes output RAM 2253, and output RAM 2253 becomes
input RAM 2251. Notc lhat, in (his embodiment, no RAM
data is moved when the functions are pennuted. FIG. 73
shows one embodimenl of a physical implementation which
provides the function of input RAM 2251, conversion RAM
2252, and ouipul RAM 2253, Bank contro! block 2131 per-
mutcs the function of the physical RAM banks 2151, 2152
and 2153 at the rsing edge of frame clock 2139, One of the
functions ol bank contro? stale machine 2131 is to control the
routing of dats (hrough RAM input multiplexers (MUXs)}
2171, 2172, and 2173 and the routing of dala througl: RAM
oulpul muitiplexers (MUXs) 2181, 2182, and 2183. For
example, at 2 first piven state, bank control 2131 confrois
input-select biock 2132 to input dota into physical RAM bank
2151 (in one embodiment, physical RAM bank 2151 includes
1024 ten-bit real values and 1024 ten-bit imaginary vatues).
Thus, in the first state, physical RAM bank 2151 acts as
logical input RAM bank 2251. Once all of the desired first set
of input valies (up to 1024 values or pairs of values) have
been inputted, the [rmme clock 2139 is driven to change the
staic of bank control 2131 (pcrmuting the three RAM bank’s
respective lunctions) to 2 second slale, in which bank control
2131 controls input-select block 2132 {o input data into
physical RAM bank 2152 and bank control 2131 controls
conversion-select block 2133 fo dire! computalion accesses
for data into physical RAM bank 2151, (The five low-order
hits of values used for computation are always provided [rom
physical RAM bank 2154.) Thus, 1 the second state, physical
RAM bank 2152 acts as logical input RAM bank 2251 and
physical RAM bank 2151 acts as logical conversion RAM
bank 2252,

Once all of the desired second set of input vahies {up to
1024 values or pairs of values) have been inputted, the frame
clock 2139 is doven 1o change the stale of bank control 2131
{permuting (he three RAM bank’s respective functions apain}
{o 4 (hird stale, in which bank control 2131 controls input-
select block 2132 1o input data into physical RAM bank 2153,
baok conirol 2131 controls conversion-select block 2133 to
direct computation accesses for data info physical RAM bank
2152, and baok control 2131 conlrols output-scicct block
2134 to dircct output requests for accesses for data from
physical RAM bank 2151, Thus, in the third state, physical
RAM bank 2153 acts ag Jopical input RAM bank 2251, physi-
cal RAM bank 2152 acts as logical conversion RAM bank
2252, and physical RAM bank 2151 acts as fogical owtput
RAM bank 2253. Once all of (he desired third set of input
values (up 1o 1024 values or pairs of values} have heen input-
ted, and the first set of converted cutput values (up to 1624
values or pairs of values) have been outputicd, then the frame
clock 2139 is drven ta change (he stale of bank contro! 2131
(permuting the three RAM bank’s respective functions aguin)
back to the first state, in which bank contm] 2331 controls
mpui-seleet block 2132 1o input data into physical RAM bank
2151, bank control 2133 controls conversion-select block
2133 to direct compiiation accesses for data into physical
RAM bank 2152, and bank coniral 2131 controls cutput-
sclect block 2134 to direcl output requests for accesses for
data from physicat RAM bank 2153, Thus, in the frst state,
physical RAM bunk 2151 again acts as logical input RAM
bank 2251, physical RAM bank 2153 acts as logical conver-
sion RAM bank 2252, and physical RAM bank 2152 acis as
togical output RAM bank 2253,

At the beginning of each tfransform ((hat is, cach forward
FFT orinverse FFT) process, the functions of (he RAM bank
mamories {(he mapping of RAMs 2151, 2152, and 2153 to
RAMs 2251, 2252, and 2253) are permuted. The conversion
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RAM 2252 becomes the output RAM 2253, the input RAM
2251 hecomes the conversion RAM 2252, and (he output
RAM 2253 hecomes the input RAM 2251, Fach RAM (2251,
2252, and 2253) has its own independent control and clock
signals (2114, 2128, and 2124, respectively). While the cor-
rent transform is being caleulated in conversion RAM 2252,
the results ofthe previously caleulated FFT/IFTT may be read
from the ountput RAM 2253 and the data for the pext FEY
calculation may be asynchronously and simultancously writ-
ten to the input RAM 2251, In one embodiment, access tothe
input RAM 2251 and output RAM 2253 is restricted for 3
clock cycles {one prior o and two alier) relalive (o the rising
edge of the frame clock. This allows (the RAM permutation to
proceed safely wilhouwl undesimble data loss.

Forward IFast Fouder Transform (FFT) and loverse
Fasi Fowier Transform (IFFT)

inone embodiment, FFT system 2108 is implemented cn a
single integrated circoit (IC) that performs both a forward
FFT and an inverse FFT (IFTT, also called a reverse FFT). A
pin, forwardfinverse signal 2119, selects between the rwo
types of transform. The inverse FF1 uses the identical calen-
lation sequence as the forward lransform, bui the complex
values {that is, real and imaginary} ol the iwiddle factors and
butterfly cocliicients ure conjugated relative to these values
used for the FFT. A [orward FF1 is defined fo convert a
time-domain signal inte frequency-domain signals and, in
one embodiment, is used in the transmitler 2401 of modem
2400 (see FIG. 71). An inverse FFT is defined to convert
frequency-domam signals 0 ime-domain signals and is vsed
in (he receiver 2402 of the modem 2400

in one emhodiment, the undeslying structure of FFT sys-
tem 2109 supports five radix-4 butterflies (that is, butterfly
operations) usablc to perform (he 1024-point transforms
{FET and IFFT). The buller{lics and stages are reduced for
lower-order transforms. (In onc cmbodiment, every other
twiddle factor of the 1024-poinf twiddle-factor lookup table
2610 is used when calculating the 512-point trans{orms by
forcing to zero (he low-order address bit to the twiddle-factor
lookup table 2610. Every fourth twiddle factor of the 1624-
point twiddle-factor lookup table 2610 is used when calen-
lating the 256-point transforms by forcing to zero the two
low-order address bils to the twiddle-factor fookup table
2610.) In one embodiment, atl FFT transforms are caleulated
by using radix-4 butterflies, except for the last stage of the
512-paint, 128-point, and 32-point transforms, whicl usc the
radix-4 structure o perform a rudix-2 butierfly. (Obvions
cxtensions are made il other transforms are vsed). Thus, the
1024-point transforms use five stages of radix-4 butlerllics,
the 512-point transforms use four stages of adix-4 buttcrilies
followed by one stage of a radix-2 butterfly, efc.

Scaling of FFT Quiput

In one embodiment, scaling is controlled by ten cxternal
pins (bit-growth sigpals 2117 thongh 2118) on the ASIC

.2101. Two pins are used for each of the five passes required

for the 1024- and 512-poinl transform. The use of two pins at
each stage allows a scaling faclor (for cxample, a shili right of
each intermediale resull valne} of from 0 bits to 3 bits which
exceeds the nominal biil grow(h of 1 bit cbserved in the mven-
tor’s snalysis. In one embodiment, the binary namber repre-
sented by cach pair of pins indicates the nnmber of binary
placcs that the resulls of each caleulation are fo be shified
right (divided) by before they are placed back into conversion
RAM 2252. Note that in one such embodiment scaling the
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result after each butterfly operation requires at least some
working regisiers 1o maintain bits greater than the MSB of the
15-bit values (each for real and imaginary} in the intemat
conversion RAM 2252, and the scaling to be applicd prior lo
storage in the conversion RAM 2252.

Reound-Oftf Truncation Saturation and Scaling

In one embodiment, cach input and output number is rep-
resented by 10 hits {that is, 10 hits for each real portian, plus
10 bits for cach imapinary porlion of a complex pair of num-
bers). Numbers arc represented as two's-complement frac-
ionul arithmetic with (he binary point immediately to the
right ol the sign bit. Fractional arithmetic helps prevent mul-
tiplies from catising overfow. The result portion of a double-
precision moltiply which is used is the upper filteen bits.

Nunber growlh is managed by (e 10 scaling pins (bit
prowth sipnals 2117-2118) mentioned previously. In addi-
fiom, (he ASIC 2111 uses saiuration logic (hat preveats num-
her roll over. That is to say, that if the result of an addition or
subtraction exceeds the maximum value (hat can be repre-
sented in 15 bits, the result is replaced by a valne representing,
the maximum possibie integer. T.ikewise, if the result of an
addition or subtraction is less than the minimum value that
can be represenied in 15 bits, the resuli is replaced by a value
represciiting the minimum possible integer.

1n one embodiment, ASIC 2101 has the [ollowing registers
for real and complex dala: 10-bil input RAM 2251 and 10-bit
ontput RAM 2253, and a 15 bit conversion RAM 2252. The
input values are presented as a two's complement fractional
binary value {2.bbbbbbbbb). In the inlernal conversion RAM,
the five extra hits are appended at the bottom (lhat is, low-
order position) of the iopnt word. The resuliing lormat is an
extended 2°s-complement value in the internal conversion
RAM 2252 (for example, s.bbbbhbbbhooom, where sis sign,
b’s are signilicant inpud bits, and x”s are extra bits to maintain
precision). Note that in one cmbodiment any extension bits in
the working registers extend the sign bit to achieve the desired
2*s—complement resulls,

In one embodiment, al the output of cach transform pass,
the result is shifted down as specified by the signals provided
mto the scafing ping 2117-2118 Jor (hal pass. The output
RAM 2253 aligns precisely with the upper 10 bits ol the
conversion RAM 2252, in a manner similar o the input RAM
2251 (s.bbbbbbbbhxooxx), each autput value (alicr the final
growth faclor is applied prior 1o storage in the internal con-
version RAM 2252 is rounded to produce the cutpul results
{(s.bbbbbbbbr).

Power Down

In oneembodiment, the ASIChas a single pin, power-down
sigmal 2109, to control power down that gates off the internat
clockinthe ASIC, and places the input RAM 2251 and outpul
RAM 2253 snto a Jow power state. [n one embodiment, sccess
attempls to those RAMS 2251 and 2253 whife in the low
power staie will be unsuccessful.

Execution Time

The maximum FFT cxecution frequency requires that a
1G24-point lransform be completed in 125 microseconds
based on a 32 MUz clock. An spprodimately 8-KHz frame
clock 2108 is provided to the ASIC 2101 1o signily the begin-
ning of a transform cycle, Prior to the dsing edpe of (his clock,
the previous FET should be complete. Table 5 below summa-
rizes the clock frequency to perform a 1024-point and a
512-point FFT in 125 ms. .
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TABLE 5

FrT Clock required to perform a transform jo 125 microseconds

Clock cycles per Clock Frequency for 125 ps
Transform Size CORversion converion rate (MElz)

1024 3eds 308
512 1923 154
258 TS 6.2
128 390 3.1
&1 150 1.2

32 3] 0.64

FFT Funciional Blocks

The ASIC is partitioned into the following major lunc-
tional blacks.

1. RAM banks 2151, 2152, 2153

2. Scquencer 2644

3. Dual radix (2, 4) core 260i, including multipiiers 2620
throngh 2627

4, Twiddle-factor lnokup lable 2610

“The algorithmn used is decimation in time (IDTT) FFT. The
algorithm used is an in place algorithm which means (hat the
results of each butterfly are pul back inlo the sane locations
that the operands came from. The algorithm assumes digit
reversed input order and normal output order. Since the three
banks of RAME are independent, the recording of (he input
data is done miemally ta the ASIC, This reordering is trans-
pareat 1o the user. Thug the vser writes the daia into the input
RAM bimk in normal order and read the data from the output
RAM bank in normal order, If the user requires some other
ordering, this may be accomplished by simply permuting the
address line ordering. The order of the memory for all trans-
forn sizes are given in the section titled “Sequencer.”

Memory Banks

The ASIC 2101 includes (hree banks of RAM that are
individually addressable. The RAM banks 2251, 2253, and
2252 arc uscd [or input data, output data, and conversion dala,
respectively. The three banks are used in order 1o obtain
real-time executica of the FFT and to aflow independent
clock rates [or the input and ontput of data in order to accom-
modate clocking needs of those devices connected to it. Inone
embodiment, the input RAM bank 2251 and output RAM
bank 2252 are each organized as 1024 twenty-bit words. The
lower 10 bits of each 20-bil worl are used {or real data, and
the upper }0 hits of each 20-bit word arc used for imaginary
data. The conversion RAM bank 2252 is organized as 1024
thirty-bit words. In one crmbodiment, (he lower 15 biis of cach
Lhirty-bi{ word are vsed for real data and the upper 15 bits for
imaginary data. The connectivities of the three RAM banks ol
memary arc controlled by a state maching which is advanced
by the 8-KHz [rame sipnal 2108. The state machipe has three
slaies which are defined in Table 6 as follows:

TABLE 6
ical processing slates of memory banks
State BANK A BANK B BANK C
0 Topist Comuert Onlput
1 Convert Crripmt Input
2 Crtymt Tnpaut Convert
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In one embodiment, the RAM banks do not have a reset.
For inpwt and cutput, they are accessed at a maximum of
10.24 MHz rate. In one embodiment, a dead time ol one clock
cycle belore the rising edge ol the 8-KlTzclock 2108 and two
clock cycle afler is required to assure the safefy of the RAM
bank switching. The ASIC 2101 clocks the data in on the
nsing edpe of the tnput clock and clocks data oul on the rising
edge of the output clock.

Actuai operation of the conversion RAM 2252 is a bit more
comptlicated than is implied above. Actally only the (op 10
bits of the conversion RAM 2252 participaics in the bank
switching between RAMs 2151, 2152, and 2153. The lower 5
bits 2154 are dedicated the cooversion RAM 2252. Since all
numbers are MSB aligned, no shifting needs to be done on
input or output. However, the last stage ofthe FFT calculation
rounds the resudls to lenbits. This climinates a bias that would
result had the results simply been truncated. The ronnding is
accomplished by adding a one to the eleventh bit position and
then lruncaling (his result.

Sequencer 264

The sequencer 2640) manages the processing of the T
system 2100, The sequencer 2640 controls the generation of
addresses for the conversion RAM bank 2252 and the twiddle
factor ROMs 2610 through address generation blocks 2642
and 2641 respectively. Sequencer 2640 also confligures the
calculation commands for the radix butterfly calculator 2630,
In addition, sequencer 2640 monitors the calculations for
overllow. Il at any time during the course of FFT calcalation,
an overflow or underllow is detecled, then a flag is set indi-
caiing that the results of the FFT are suspect. This overflow
Nag is passed along with the output dals block when the RAM
banks are switched. Thus the {lag pin 2125 indicates that the
output data block presently being read out of the oulpul RAM
bank 2253 may not be accorate. This Qag 2125 may aid the
system designer in providing anindicator for AGC (automatic
gain controf).

Dual radix (2, 43 core 2600

The dual radix core 2609 is (he arithmetic element of the
ASIC 2101, In one preferred embodiment, it includes eight
16-bit-by-16-bit multipliers (2629 (hrough 2627) and thirty-
two muliiplexed adder-sublractor-uccumulators 2633, In
another embodiment, il mcludes twelve 16-bit-hy-16-hit
multipliers and eight multi-branched adder/subtracior/faccu-
mulators.

FIG. 74 shows onc cmbodiment of a dual radix core 2600.
Tn the embcdiment shown in FIG, 74, conversion RAM bank
2252 is shown as parl of (he dual radix core. In other emhbodi-
ments, canversion RAM bank 2252 is a separate functional
unit, not considercd part of the dual radix core 2600. In F1G.
74, the data fetched [rom conversion RAM bank 2252 is
Teiched into holding latches 2612, with both the real {that is,
XAR, X2R, X1R, and X0R) and imaginary parts {that is, X31,
X1, X11, and X01} of four points being letched in parailel,
substantially simultaneonsly. As shown in FIG. 74, {he real
and imaginary data fetched fromn conversion RAM bank 2252
is addressed by address peneration circuif 2642 which pro-
vides four separate addresses to corversion RAM bank 2252.
The real and imaginary part of a single point both use the
sanwe address. The four separale addresses allow different sets
of points (o be lelched simultaneously during various stapes
of the transform operation.

As further shown in F1G. 74, the data [clched from canver-
sion RAM bank 2252 includes real-and-imaginary pairs
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denoted X3, X2, X1, und X0. The data poinl pairs being
denoted are X3 which includes X3R and X31, X2 which
mchudes X2R and X 21, X1 which inchides X1R and X 11, and
X0 which includes X0R and X0, In onre embodiment, the
data fetched from conversion RAM bank 2252 is held for fwo
successive muitiplicr ciock cyeles in holding latches 2612, so
that (he same value gets multiplied in each of Two multiply
cycles. The corresponding twiddle factors are felched on
every clock cyele from twiddle factor look-up table 2610, For
example in one embodiment, on even clock cycles the real
components for lour twiddle factors are fefched in paralle!
denoled WOR, WiR, W2R, and W3IL. These foor real twiddle
factors arc [ed to multipliers 2620 and 2621, 2622 and 2623,
2624 and 2625, and 2626 and 2627, respectively as shown,
and multiplied by the real and imaginary components of all
four data value pairs [ciched from conversion RAM bank
2252, The prodncts of these eight multipliers 2620-2627 are
fed fhirough routing logic 2634 inlo all (hirly-two adder/sub-
tractor accumulators 2633 al row-column amray 2632, On the
successive add multiplier clock cycle, Jour imaginary twiddle
factors arc then [etched, shown as Wo0T, W1I, W2I, and W3l
As shown, imaginary twiddle factor WOI is fed to both mul-
tiplier 2620 ond multiplier 2621. Similarly, imaginary
twiddle lacior W1I 1s fed to both multiplier 2622 and multi-
plier 2623. Imaginary twiddle factor W2l is fed to multiplier
2624 and 2625 and imaginary twiddic factor W31 is fed 1o
multiplier 2626 and 2627. For the second multiplier clock,
these eight multipliers arc again fed with the same complex
point data still heid i1y holding laiches 2612 as was used in the
firat clock multiplicr cycle. Again aller the second clock mul-
tipiter, the eight products are fed through routing logic 2634
and sccumulated in adder/subimclor accumulalors 2633,
Note (hat cach Iwiddle factor valoe in twiddle Tactor lookup
table 2610 is a complex number having a reat and imaginary
part (in (his embodiment, the real and imaginary paris are
siored in successive locations which are fefched on successive
clock cycles, thus presenting 4 real values followed by four
inaginary values) and each point value in conversion RAM
bank 2252 is also a complex pumber having a real part and an
imaginary part (in this cmbodimen, the real and imaginary
parts are stored in side-by-side locations which are fetched on
only every other clock cycle, lhus presenting 4 real valucs and
four imaginary values on every other clock cycle).

These elements are configured Lo perform a radix-4 butter-
fly calculation. The radix-4 buferfly calcnlations needed fo
provide a 1024-poinl FIFT or IFFT and the selection of
addresses and twiddle coefficients for the, for example, 1024
points used far each of the five passes needed for a compleie
1024-point transform are casily calcnlated and are well
known in the art (see, for example, chapters 6 & 10 of Theory
and Application of Digital Signal Processing, by Lawrence
R. Rabiner and Bernard Gold, Prentice-ITall Inc, published in
19735; and pape 612 et seq. ol Discrete-Thue Signal Process-
ing, by Alan V. Oppenheim and Ronald W. Schaler, Prentice-
Hall Inc, published in 1989). Although & radix-2 lranslomm is
also required, a separate radix-2 calculator is not required
because (he radix-2 operation is a subset of the radix-4 opera-
tion. Only the operands actually needed [or he radix-2 opera-
lion arc actually loaded. The remainder are set to zero. All
arithmetic is performex in such a manner that, if an overllow
or underflow should cccur, then the results saturate, This
prevents roll-over from contaminating the results, The func-
tion performed by the dual-radix core 2600 for a radix-4
butlerfly operation suppoding the forward transform s the
Tollowing, where A, B, C and D are the four input points, A,
B, C' and I are the four output points, and W¥, W2 and W=F
are the twiddle coeficients:
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A=A+ R ORI
B AR PE_C IR DIPR
C=d-BNL DI

D= AP CRER_DiTe

- The fimction perfornied in a reverse lransform is simply the
complex conjugale of the above set of equations.

A=A+ B C PR DIF
B A B _CTIRA DI
Cl=4-B IR R _DRSE

D'=A-jBIP - CTF DI

Note that the twiddle-factor W which is used for cach A on
the right side of the above equalions is onc (that is, the com-
plex number 14j0).

‘The multiplication of two complex numbers, cach having a
real part and an imaginary part, Tor example, results in the
following, equation:

YO0 I (XTREXOT I TPOR 4 IVOT)- (ADRx JFDR-XUS

UL A0 BUR-ENO8 5 0T £ A0R X PR+
TR

{for cxample, the first multiplicr cycle in multipliers 2620-
2621)

—AUAFUFGADR % TTOF

{lor example, the [irst multiplier cycle in multiplicrs 2620-
2621).

Thus, four multiplier operations are needed for each complex
multiply operation.

In arder ro speed the transform function, the factors for the
parallel multipliers are feiched in paralicl under the control of
control and clocking sequencer 2640. Routing logic 2634
routes the products of the multipliers 2620-2627 to the thirty-
two adder-subtractor-accuimulators 2633. Tn onc embodi-
menl, eight multiplier cycles, CO through C7, are used to
penerate four adix-4 butterfly operations, resuliing in sixleen
complex cutput values, For discussion purposes, row-column
array 2632 is shown having, foor rows (A, R, C, and 13} and
four colomns {W, X, Y, and Z) of complex value pairs. The
reat value and the imaginary value of each of (hese sixieen
complex value pairs has its own associated adder-subtractor-
accumulator 2633, or a total of thirty-two adder-subiractor-
accumulalors 2633, as shown in FIG. 74 and FI1G. 91. Tn ane
cimbodiment, scaling-factor shilt logic 2644 (under the con-
tro} of bit-growih selector 2643) is provided i the path
between adder-subtractor-accomulators 2633 and conversion
RAMbank 2252 The scaling-factor shilt logic 2644 provides
a right-shift function of O bits, | bit, 2 bits or three bits (divide
by 1, two, four or eipht respectively)} on each oulpul data value
as it is heing returned to conversion RAM 2252, Bit-growth
pins 2117 through 2118, which control the divide function for
each of the passes_are coupled io bit-growth selector 2643
under control of sequencer 2640.

FIGS. 75-82 arc a lable 2800 showing the order of calcu-
lations for a “nonnal bulterlly sub-operation.” The data points
in conversion RAM 2252 are arrsnged within conversion
RAM 2252 such that the four input poinis for onc radix-4
operation are each located in different sub-banks if the points
are successively addressed {for exanple, addresses 0, T, 2,
and J are each in different sub-banks, for example, sub-banks
2290, 2291, 2292, and 2293 respectively), bul poinls whosc
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addresses differ by a factor of 4 arc located in the same hank
(for example, addresses 0, 4, 8, and 12 arc all within bank
2290, as are addresses 0, 16, 32, and 48, addresses 0, 64, 128,
andl 192, and addresses 0, 256, 512, and 768). The butterfly
passes Tor this second set of points (those whose addresses—
mod-4 are equal) are handled by the equations shown in the
table of FIGS. 75-82. FIG. 75 shows the operations at each of
the thirty-two adder-subtractor-accumulators 2633 at a mul-
tiplier elock cycle command denoted CB. For example, at C0,
the adder-subtractor-accumulator 2633 for the real portion of
the AW point in ow-column array 2632 (called the AWR
accumulator) gets loaded wilh the ouviput (called WR) of
multiplier 2620, and the adder-sublractor-accumulator 2633
For the ilnaginary portion olthe DZ point in row-column array
2632 (called the DZT accumulator) gets loaded with (he out-
pul {called 21) of multiplier 2627, By performing Joad opera-
tions at clock C0, (he previous valnes of the accumulators do
not need o be zeroed. As shown in F1G. 91, multipliers 2620,
2621,2622,2623, 2624, 2625, 2626 and 2627 produce prod-
ucls called WR, WE XR, XI, YR, Y1, 7R and ZI, respectively,
however the -R and -T designations ol these products are not
slrctly correlated to real and imaginary nunbers. FIG, 91
also shows the row and cofumn Jocations for he Mirty-lwo
adder-subtractor-accumulators 2633, wilh AWR shown in the
upper-left comer and D71 in the Jower right comer.

TIG. 76 shows lhe operations at each of the thifly-twao
adder-snbtractor-accumulators 2633 at a multiplier clock
cycic command denoted C1. For example, at C1, the adder-
sublractor-accmmuisior 2633 for the real portion of the AW
poinl in row-column amray 2632 (called the AWR accumula-
lor) gets loaded with the difference of subtracting from its
previous value {calied AWR, this value happens to be the WR
vaine loaded in cycle CO) the output (called WI) of multiplier
2621, and fhe adder-subtractor-accunmlator 2633 for the
imaginary portion of lhe DZI point in row -colwnn array 2632
{called the DZI accumulator) gets loaded with the sumn of its
previous value (called DXZI, this value happens lo be the ZT
value }oaded in cyclc C0) and output (called ZR) of multiplicr
2626, Similarly, FIGS. 77 throngh 82 show the eperations
which take place al multiplier clocks C2 through C7, respec-
tively.

Since each complex-muitipty operation takes a total of four
multiplicr operations, and two multipliers (for example, the
pair 2620 and 2621) are uvsed, two multiplier cycles are
needed [or each complex-multiply operation. Tn a 1024-point
truaslorm {that is, either an FFT or an TFFT), four of the five
passes invalve sets of four points wherein all four points arc in
a single sub-bank (for exarnple, 2290), and therelore must be
fetched an four successive even-clocks. Each of these lour
passes takes eigli clocks, called C0 through C7. These our
passes are each called “normal builerfly” 1able 2800 shows
Lthe order of calculation for all of the sub-operations for one
embodimeni of & normal butterfly {calculating four radix-4
butter{ly operations in eight multiplicr clock cycles), where
cacholihe four points for one radix-4 butierfly are in the same
sub-bank (for example, cither sub-bank 2290 or 2291 or 2292
or 2293).

F1GS. 83-90 are a table 2810 showing the order of calen-
lations for a “transposed butterfly sub-opermtion.” The trans-
posed butterfly sub-operation is used for one pass of cach
transforn performed. The data points in conversion RAM
2252 are armnged within conversion RAM 2252 such that the
four inpul points [or one radix-4 operation are each located in
different sub-banks if (he points are successively addressed
(for examplc, addresses 0, 1, 2, and 3 are each in dilferent
sub-banks; sub-banks 2290, 2291, 2292, and 2293 respec-
lively). The Iransposed butterfly passes for this one set of
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points (those whose addresses—mod—4 arc equal} are handled
by the equalions shown in the table of FIGS. 83-90. FiG. 83
shows (he operations al cach of the thirty-two adder-subtrac-
tor-accumulators 2633 at a multiplier clock cycle command
denofed C0 (noie (hat only eight adder-subtractor-accumula-
tors 2633 are aflected, the other twenty-Tour do nothing). For
example, af CO, the adder-subluctor-accumulator 2633 for
the real porlion of the AW point in row-column array 2632
{called the AWR accumulator) gets loaded withihe resullol'a
[our-way addition of the oulpuls (called WR+XR+YR+ZR,
these are Lhe real-limes-real portions) of multipliers 2620,
2622, 2624 and 2626, and the adder-subiractar-sccnmulator
2633 for the imaginary portion ofthe AZ poinl in row-column
array 2632 (called the AZT accumulator) gets loaded with the
sumfdifference of autputs (called W1-XR-YI+7ZR) of mulii-
pliers 2621, 2622, 2625, and 2626, respectively. By perform-
ing load operations at ciock CO with no aconmulation of the
prior value {for example, in AWR), the previous values of the
accumulators do not need to be zeroed. Note that, since all
four points for a single burterfly operation can be fetched
simultaneously [fom conversion RAM 2252, and the results
of the respective multiply operations must alt be cambined as
they are [ormed, five-way mixed add/sublruct operations arc
provided for by each adder-subtractor-sccwmnulator 2633.

FIG. 84 shows the operations al cach of (he thirty-two
adder-subtractor-acoumulators 2633 af a mulliplier clock
cycle command denoted C1. For example, at C1, the adder-
snbtractor-accumuiator 2633 for the real portion of the AW
point in row-column array 2632 (called the AWR accumula-

tor) gets loaded with the result of a five-way sobtraction/ 3

addition of the outputs (called AWR-(WT+X1+YI+ZI), these
are the imaginary-times-imaginary portions) of multipliers
2621, 2623, 2625 and 2627 and (he prior contents of AWR.
The adder-sublractor-accumulator 2633 for the imaginary
portion of the AZ point in row-column :wray 2632 (calicd the
AZT aceumulator) gets loaded with he sunvdifterence of
oulputs {called AZI+H{WR+XI-YR-ZI)) ol multipliers 2620,
2623, 2624, and 2627, respectively.

Similariy, F1GS. 85 throogh 90 show the lour-way and
five-way operations which take place at multiplier clocks C2
through C7, respectively. Table 2810 shows the order ol cal-
culation for onc embodiment of a transposed butterfly {cal-
culating four radix-4 butterfly operations in eight muoltiplier
clock cycles), where each of the four points for one radix-4
buttcrlly are cach in dillerent sub-banks (for example, one
point in sub-bank 2290, onc point in 2291, one point in 2292,
and one point in 2293).

Twiddle-Factor Lookup Table 2610

In one embodiment, the twiddle-factor lookup table 2610
(also called a sine-cosine ROM lookup table) comprises 512
fifteen-bit words, wherein four words can be fetched in par-
allel. Bach complex twiddle factor value pair is feiched

sequentially, wherein (he {irst 15-bit word represents the real :

part ol the twiddle factor value pair and the scoond 15-bit
word represents the imaginuary parl, and four values are
fetched simuttancously (that is, four real values, having 60
bits total, are fetched on an even clock (for example, clocks
9, C2, C4 or C6) und [our imaginary valucs are fetched on
the following odd clock (for example, clocks C1, C3, C5 or
C7). In anather embodiment, the twiddle factor lookup (able
2610 comprises of 256 thirty-bit words. The vpper 15 bits
represent the real part of the twiddle factor whereas the lower
15 bits represent the imaginary part. Although 1024 complex-
value pairs are required in order o produce a 1024-point FET
or IFFT, the values are nol unigue, and the number of fwiddle
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Tactars was reduced by a facior of lour by making use of the
simple rigonometric identities in mapping 360 degrees of
twiddie factors to a 90-degree lookup luble. In one embodi-
ment, the twiddle-factor lookup 1able was designed to mini-
mize DC offsct caused by integer-based twiddle fuctors.
FIG. 92 shows a more-detailed block diagram of an adder-
subtractor-accumulalor 2633. In one embodiment, multipli-
ers 2620 through 2627 are cach a 16-bit-by-16-bit multiplier.
in one emhodiment, only (he vpper-order 16 bits of the resalt-
anl product arc passed by MUX 2834, {In one embodiment,
MUX 2834 is part of roufer logic 2634.) Adder-subtractor
2833 perfonms a five-way addition/subtraction as defined in
[IGS. 83-50 and the (wo-way addition/subtraction as defined
in FIGS. 75-82, under the contrel of sequencer 26490, inone
embuxliment, accumulator 2835 maintains enough bits above
the binary poinl 10 accommadate overflow hits and to provide
an indication of overflow whicl: docs nol et lost as further
additionfsubtractions are performed on the acenmulating data
(in other embodiments, one, two, or three such bits are main-

1ained).
Input and Output Timing
Tahles 7 and 8 below are the defziled timings for one
embodiment of the input and output RAMSs.
TABLE 7
Read Cyele for Ouipot BAM hank 2253
Symbol  Parsmeters Condition Hom
Tex Clock Cycle Time Pulse Mimimum  201s
- Width
Telpw Minimum Positive K Minimum 6 nx
Pulse Wedth
Telpw Minimm Megative CK Minimum s
Pulse Width
Tavch Address valid 1o CK high Mininmm 41z
“Fehax CK kigh to address chanpe Migirrum 10ns
Tchdox CK high to Data Output Miuirnum 2ns
change
Ted CK high o dala valid Maximumn 15 ns
Tee Output Enable i Miuinnum O oz
Toz Output Disable lime Maximum 7us
NOTE:
The RAM clocks for the inpit and cutput benks are limited to 10,24 MIEz
TABLE &
Wrile Cyele for lupir RAM bank 2351
Symbal Puranieders Condition Hom
Tee Clock Cyele time Minimum 20 ms
Tehpw Minimmun positive CK Mininmm 6 us
ulse widlh
Telpw hirinun negative CK Minimum 6 s
pulse width
Tavch Adidress valid to CK low Minium 418
Tehax CK low to address change Mimimuim 1ns
Tweh ~WE low to CK low Minimum 4 ns
Tehw CK iow to ~WE high Minimum 1 os
‘Fdiveh Data Inpust valied 1o CK low Mirimum 4ng
Tehdix CK low o Date input Minimum tns
change
Tehdov CK low to Data Cutput Maximuem 15ns
valid
Tehdox CK low to Dats Qurput Miwirntim 2
chanuc
MOTE:

The RAM clocks for e inpur shd entpat banks are limited to 10.24 MHz
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Package for ASTC 2181

Package Dimcnsions and pin oul for one embodiment: The
ASIC 2101 generates 5V TTI. output levels and accepts 5V
CMOE or 5V T'IL inpul levels.

‘TTL Input Levels are defined as follows:
VIL max-0.8 Volts

VIH min=2.0 Volts

CMOS Input Levels are delined as follows:

FIT. max=02*FDDOSV<PIL<1 1V over 4 5V o
5.5V P range)

PHI min=0.7*FDD (31 5V <FI<3.85V over 4.5V o
5.5Y PO ranpe)

TTL Qutput Levels:
VOL max-0.4 Volts

VOH min=2.4 Voltr
Funciional Tesls

Testing is broken down nto a functional segmenl to verily
device fonctionality and a scan segment to test for faulis in the
physical silicon. In one embodiment, the vectors are included
in & test bench compatible with LSI Logic’s tools. The lunc-
tions ta be tested in the device are listed below,

a. FFT/IFFT Operation—Vectors are provided which are
characteristic of the experied usc in the system. The fre-
quency domain vertors are passcd through an inverse frans-
Jorm (with appropriate bif scaling) and (he resulls stored.
The vectors aze then passed through a forward iransform
(with appropriate scaling), and this final rcsult analyzed.
‘These tests are performed for the 1024-, 512-, and 256-
point (ransforms. There are 10 mmes o dala lor cach test.
The test hench includes 1024 vectors for the 1024-point
transform, 5120 for the 512-point transfonm, and 2560 for
the 256-point transform. There arc twice this number of
vectors passed (hrough the device to complete the test, The
tota! number of test vectors for this test segment are about
36,000.

b. FPT/IEFFT Verification - A single sinusoid s passed
through the 128-, 64-, and 32-point ransforms. Both for-
ward snd reverse directions are lested.

c. Bit Growth Tests. Bach bil-growth pin (2117-2118) is exer-
cised for the 1024- and 512-point ransformm in (he forward
and reverse direction.

d. Power Down Tests- - The device is placed in the middle of
atransform, then powered down, The ontputs are evaluated
for comreel state. The device is then asked to perform a
forward and reverse (ranslorm lo validate that the device
can function alier the resct.

e. Overflow Tests—An overflow condition is induced, and the
device evatualed lor comect response (c. g. the overflow pin
is actuated and the event does not cause an adder to wrup
around}. The test includes an overflow in the positive and
negalive direction.

T. Reset—The device is placed into the middle of & transTorm
operation, then reset, The cuntputs are evaluated Jor correct
statc. The device is then asked to perform a forward and
reverse transform to validate that the device can function
aficr the reset.

FIG. 93 is & high-ievel block diagram of one embodiment
of modem receiver 2402 as shown in FIG. T1. The analog
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reccived signal-in is first processed by bandpass-and-down-
convert block 2750, In one embodiment, the analog received
signal-in is cither 425 {0 600 MBz or 550 to 770 MHz, and is
converted by bandpass-and-down-converl block 2750 1o a
signal which is 100 kHz on both sides of 2 18.432 MHz center
frequency. In onc cmbodiment, the tuning step size is 99
MIz. In one embodiment, analop-te-dipital decimator sys-
tern (ADIDS) 2850 {in one embodiment, this is a Sigma-Delta:
decimator system that nses a Sigma-Delta analog-to-digjtal
converler 2840} converts this band-limited signal info deci-
mated T and (Q quadrature signals, each 15 bits wide, which
have a symbol rate 0f 288 K symbols per second (denoted 288
KBS}, which are then processed by FFT block 2849, In one
emhodiment, FFT block 2849 is equivalent to FFT system
2100 of F1G. 70. The outputs of FFT block 2849 are then
processed by post-proccssing block 2990 into dipgital datu oul.
FIG. 94 is a morc detailed block disgram of modem
receiver 2402, Apalog received signal in is fiud to band-pass
filter (BPF) 2740 which limits the input sipnal to either 425 to
600 MHz or 550 to 770 M Iz. The signal is then amplificd by
variablc-gain amplifier 2741, and mixed by mixer 2742 with
a demodulator signal ol either 627-802 MHz or 752-973 MHz
generaied by sipnal peneralor 2747 as controlied by phase-
locked-loop block 2746. The mixer 2742 produces a differ-
ence-frequency signal centered at 202,752 MHz which is
[iltered by BI’F 2743, The resoltant sipnal is again amplified,
this time by variable-gain amplifier 2744, and then mixed by
mixer 2745 with a dcmodulalor sipnal oleither 221.184 Milz
generated by signal generatar 2749 as controlled by phase-
locked-loop block 2748. The resultant sipual is an anxlog
signal centered at 18.432 MIIz and having a 200 kI1z band-
width, The resnltant 18.432 MI1z analog signal is then passed
1o an analog-to-digital decimator which, in this embodiment,
is denated as the components encircled by (he dofted line
referenced as Sigma-Delta decimator system (SDIDS) 2850
The exact mix of components which are inclided in SDDS
2850 can vary frum embodiment fo embodiment (that is,
where the dotted line for SDDS 2850 is drawn may vary),
In FIG. 94, the 18.432 MHr analog signal is passed through
BI’F 2839 which is contered al 18.432 MIIz The 221.183
MHz signal is divided by divider nelwork 2838 1o produce a
73,728 MHz signal which drves Sigma-Dela converter
2840, and two 18.432 MIIz signals (one ol which is 90
degrees shifted from the other} which drive digital 1/Q defec-
tor 2841. Sigma-Della converter 2840 is any conventional
Sigma-Delta converler, sach as described in Ar everview of
Sigma-Delta Converfers, by Perveri M. Aziz et al., Vol 13,
No. 1, IEEE Signal Processing Magazine, Tapuary 1996,
which is hereby incorporated by reference. Sigma Delta con-
verler 2840 achieves high resolution by oversampling the
input signal al a frequency minch above the Nyquist fre-
quency, and by providing a negative [cedback path which uses
an analog representation, y,[n} of the quantized oulput signal
y[n]. FIG. 95 shows one such Sigma Delta converter 2640,
baving difference block 2860 that forms u[n] which is input
x[n] minus [eedback v [n]. Signal ufn] then is processed by
discrefe-time inlegrator 2863 and quantizer 2864, which is
simply a comparator. By providing a_sampling frequency
which is high enouph, the Sigma-Delta converter 2840 allows
the use ol a 1-bil yuantizer to achieve high overall resolution.
Referring back te FIG. 94, the 73.728 MHz quantized
output of Sigma-Delta converter 2840 is coupled to digital
1/QQ block 2841. In one cinbodimendt, digital /'O block 2841 is
simply twa 2-input AND-gales; one input of both AND gates
is connected to the 73.728 Milz quantized output of Sigma-
Delta converter 2840, (he other input of the first and the
second AND-gate is coupled fo the 03 and the 903 18.432
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Wz oulpuis of divider 2838. The outpuls of digital T/}
deicctor 2841 are thus two serial sireams, that represent T and
Q quadrameee signals respectively. The serial 1 and Q signals
are then fed to coarse decumator and MUX 2842, which
converts the two serial streams into a single N-bit-wide time-
muitiplexed T/A) paralle] streamn. In one embodiment, this
time-multiplexed 1) paraliel stream is 10 bits wide. This
fime-rnuitiplexed 1/Q paraliel siream is clocked at 2304
MHz, and provides 10 bits of 1 followexd by 10 bits of Q, (hus
having, 1.152 million samples of I interleaved in time with
1.152 miltion samples of {. This time-multiplexed 1/} par-
allel stream is then fed to I/Q denumx 2R43 which de-multi-
plexes the time-nuttiplexed 1/Q parajle] stream into separate
T and Q streams clocked at 1.152 MHz cach, and each 10 bits
widc. Thesc scparaie T and (Q strcams are then processed by
three digital-processing blocks: DXC-offset adjust block 2644
that digitally adjusts for DC {direct current) balance, DS_gain
adjust block 2845 that digitally adjvsts the decimated signal
gain, and DS_mix block 2846 that digitally adjusts the phase.

The Sigma Della decimator systern {SDDS) 2850 is a N-bit
A-10-D converter which penerates a one-hil serial data stream
having resolation and accuracy of N bits (in one cimbodiment,
15-hit resalution is obtained; in another embodiment, the A/D
has a 10-bit resojution with 9-bit Jinearity). SDDS 2850 is
rmnning on the clock generatar 2749 divided to 73.728 Mtz
which oversamples the SDDS input signal in order that it only
passes data at the 18.432 MITxx 100 kI3z, approximately. The
following circuils 2841-2847 then iske that 200 kHz of fre-
quency that Sipma-Della converler 2840 passes and shift it
down a base band, providiog a range from 0-200 kI1z SDDS
2850 tams tlus relatively stow sipnal inte 10-bit paralicl
words. The Sigma-Delta converier 2840 oulpuls a 1-bit serial
stream, which is ANDed with two 18.432 M1Ir squarc waves
to produce scrial digital 1 and ) that are two 18.432 MHz
gated squarc waves.

In one embodiment, the entire SIS 2850 js integrated on
a single VI.5I chip using 0.8 micron BiCMOS 45+ technol-
ogy Tabricated by IBM Corporation, with the analog circuits
operating from a 5 volt supply voltage and the digiial circuits
operating [rom 2 3.3 volt supply vollage. This single-chip
implementation fcilitates bil growth from stage-to-stape in
urder (o prevent or reduce truncation or round-ofT ermors. Thus
10-bit T and Q sipnals at the owtput of G demux block 2843
are allowed, in one embodiment, to grow to 25-bils al Lhe
output of 25_mix hlock 2846 through the digital processing
ol DC-oflsel adjust block 2844, DS_gain adjust block 2845,
and DE_mix block 2846. For cxamnple, the N hits each of the
I and Q dala sireams at the oulput of ¥Q demnx block 2843
grow a little to N* bils aflter the digital processing of DC-
oflset adjust block 2844, N** bits afier DS _gain adjust block
2845, and N bits after DS_mix block 2846. Decimators
2847 and 2847 select one out ol every [our valucs from the
and (Q data streams, respectively, thus producing a 288 kllz
rate of 25 bits each for the { and () streams. These then pass
through scaling blocks 2848 and 2848° which scate cach data
strcamn to 15 bits, which are denoted ' and (' and are coupled
to 15-bit FFT 2849.

Onc consideration with the large number of signals on such
a single-chip implementation i3 to minimive (he nomber of
different clock signals. In the embodiments described for
F1G. 94, Jor example, this is accomplished by running a large
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number of blocks [rom a single clock, even though soime of
those blocks might be able to i off a different and slower
clack.

Overview of Data-Delivery Architecture

Relerring now to FIGS, %6 and 97, there is shown the
overall architecture of a dala delivery system 500 accarding to
another embadiment of the invention. The data delivery sys-
Lem 500 provides high speed data access fo the home 530 or
office 512 (aliernately referred 1o above in FIG. 1 as remote
units 46) over the HFC distribution network 11 using the
inlrastructure of the modem-based telephony transpart sys-
tem 10 described hereinabove. FiG. 97 itlustrates the integra-
tion of the data delivery elements in the HDT 12, The system
allows users to have access Lo local content 524 and the
Internet 530 through services available at the cable providers®
premiscs or head end 32,

Among other things, system 300 provides: (1) uscr data
access to the Internet 5306 und local contenl on @ head-end
server 520 (hrough the above-described aceess platform; (2)
support for TCP/IP and transparent bndping at the data link
layer using a Dynamically Adaptive Transport Switching
(DATS) methodology (described below); (3} guaranteed, reli-
able symmetrical data service at transfer rates from 64 Kbps
to 512 Khps, in increments of 64 Kbps, for gengraphically
dispersed individuals;

{4) guarantecd, recliable, symmefric shared access o a
8.192 Mbps data pipe for geographicatly limited group of
users connected in a rouied conliguration; (5) mixing of data
and telephony within a single HIDT 12; (6) nctwork manage-
ment for telephony, video, apnd data throngh infegrated
CMISE and SNMP; (7) routed service through a head-end
server; and (8) usc ol HISU and MISU REF medem technology
for ransport.

Relerring now to FIGS, 98-100, the Cable Data Modem
(CDM} 535 for the system 500 preferably can take three
forms: & stand-ajone box called the Personal Cable Data
Modem {PCDM} 540, a HISU add-in card called the Data
Modem Service Module (DMSM) 558, or a MISH add-in
card called the Data Modem Channel Unit (DMCLUT) 56 0. The
stand-alone PCDM 540 has several comnector oplions;
including standard F styte coax cable, 10baseT Ethemet 542,
and R8232 544. the DMSM add-in eand preferably resides in
an expansion slol on HISU 68 enclosure and will termmate &
customer's computer with a 10Base’d Elhernet connection.
The DMCU 560 add-in card will reside in a line-card slot of
the MISU and will provide a 10BaseT Ethernet routed con-
nection to four users. Customers without an intcgrated Eth-
emet port can add one to their system at minimal cost,

‘The sysiem 500 provides connection to head end 32 ser-
vices via the DATS melhodology. The DATS methodology
intelligently allocates bandwidth in the sysiem fo maximize
both transpor bandwidth and number of users while provid-
ing gparanteed bandwidth. Under TR303/Y5 swilching envi-
ronmenis 2 central resource within the HDT 12 (described
below} provides the infelligence to aliocate bandwidth and
efficientty manage transpor load Tlis capability is imple-
menled at the customer end by initiating a conmection to the
head cnd 32 when dala is availabie ta send. When the session
is imitiated, the head end 32 cquipment delcrmines the amonnt
of bandwidih to be aliocated to the subscriber as configured
during, pre-provisioning. The connection is maintained as
needed and dropped when transmission is complete. Daring
the time that the connection is maintained, bandwidth is guar-
anteed, providing the elficiency of packet switching and the
guaranteed bandwidth ol connection swiiching. All process-
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ing is performed through standard TR303/¥V5 call processing
and therefore integrates completely with telephony provided
over system 500. The architecture of the syslem 500 provides
guaranteed bandwidth and lalency io all supporied users, As
mdicated in FIG. 101, op o 24 concurrent users can be sup-
ported al 512 Kbps within a single 6 MI 1z iransport channeb.

Using the DATS methodology, bandwicih is dynamically
allocated to support & maximun of 240 users per 6 MHz
channel (for example, see FI(i. 13) at 64 Kbps. Bach useron
the system is puaranteed the allocated bandwidlh for the
duration of the session. As such, the bandwidth and latency
seen by the user remains constant, independent of the traflic
load, application type, or number of nsers. Assuming cven
distribution across all applications, the average [rame size
carried downstream is 378 bytes, while the average upstream
[rame size is 69 byies.

The downsiream latency from (ke FTDT 12 is dominated by
filling a 512 K data pipe, all other latencies in the system are
mnsignificant. Therefore on average the latency to transfer a
TCP/AIP [rame lrom the IIDT fo the customer is 5.9 ms. With
Forward Error Correction (FEC) disablex), the average
latency in the upstream direction, from (he customer end to
the HDDT is alsc dominated by filiing a 512 K data pipe.
Therefore, on average the iatency o transfer a TCP/IP frame
from the HDT to the customer is 1 ms. Adding FEC will add
up to 7 ms to (he upstrean: fatency.

Data Transport and Framing,

The system 500 provides lransparenl bridging and data ;

transporl. A schematic representation of the data transport
and [rpming is shown in FIG. 162. Upsiream daia traffic
begins al the customer end cquipment 511 where frames are
put oul on the Ethernel link 542, The CDM 535 buffers the
frames and encapsulates them with HDLC [raming 570. The
HDLC frame 570 is then seat out over the coax by a modem
101 as one or more of the possible 240 payloads on the coax.
The frame, along with other data and telephony streams is
converted at the ODN 18 and scnt to the head end 32 aver
optical fiber. At the head end, the CXMU 56 demodulates and
sends the stream fo the CTSU 54, where it is routed to the
appropriatc LANU 580 as part of a MARIQ data stream. The
LANU 580 bullers the complete frame, stripping the HDLC
framing prior to putling the [rame on (he locat Ethemnct. All
routing for the Interne! is performed by the head-end server
590. The rouling services could also be incorporated in
LANU 580,

In the case of downstream traffic, the head-end server 590
puts Ethernct packets on the LAN. Onpe to potentially seven
TLANUs 580 examine the Ethernet address and selectively
pick up packels destined {or the customer-end machines,
Once the Ethemet packel has been accepted, the packet is
framed i IIDLC and sent, via a MARIO stream, to the CTSU
54 according fo the owting cstablished when the call was
initizlly provisioned (explained further below). The CTSU 54
forwards the stream to the CXMU 56 where it is senl over the
HEC distribution network 11 to the customer premises equip-
ment 511, At the CTOM 535, all packets recejved are passed on
1o the Jocal Etherpet connection 542, In the case of a broadcas!
messape, the LANII 580 at the head end will replicate the
packet across all atlached connections. This allows the bridge
o support protocols such as ARP.

The systam 500 will uiitize the telephony error comrection
mechanizm deseribed above wilh respect to system 10 of F1G.
1.Underthe telephony crror correction scheme, forwarnd error
correction codes are genetated for upsiream traffic but not for
downstream raflic. Forwand emor correction on upstream is

25

a5

40

45

50

335

60

5

96
generated at the ISU 10¢ (HISU 68 or MISU $6) and con-
sumes (ke 10th bit of each DSQ, thereby protecting each DS0
separately. The ermor correction can be disabied, bt this is not
recommended for data transport.

The crror delection/cormection processing occurs on the
CXMU 36 of FIG. 3 and corrected data is delivered to LANUs
580, DS1Us 48, in MARIO sireanis. Therelore, the system
500 data architeclure does not explicilly bave 1o deal with
ermor comrection. The CRC of the HDLC frames provide for a
level of ermor defection abave the ermor deteclion/correciion of
the CXMU 56. Crrors detected in the LANU 580 will be
meported (hrovgh the SNMP agent of the TLANU 581,

Component Design

The data delivery hardwarc for (he head end 32 cquipment
consists of the LANT 380 which interfaces with the HDT 12,
The T.ANIJ 580 includes a board responsible for all data
tratsport o and from the bead-mmd server LAN 591, Tn that
function, the LANIJ 58§ operales as & pein(-lo-multipoint
connection that is responsible for concentrating up 1o 128
1)80s onto a single Gihernet connection. The LANU 580 has
the following leatures:

{1) Tt sits ina DS1U 48 slof and is form/fit compatible with

the HDT 12 backplane.

{2) It provides 10BaseT Ethernet connection to head-end
LAN.

(3) 1t supports muitipie T.ANUs 580 on a single LAN
through 2 10BaseT connection or fast Ethernet throngh
huh.

(4) It concentrates up 10 128 DS0s inio a single Ethemet
Canncclion. :

(5) Tt supports lime stol assipument and super-channel
agpregation across four MARICO data streams indepen-
dent ol the CTSU 54,

{6) Tt supports Dual HDT 12 LAN ports,

{7} N maintains on-board FILASH for storage of opera-
tional code image,

(R) It supports Wx64 service for super-chanuels up to 512
Kbps.

(9) 1 guaraniees time ordering of multi-channel calls inde-
pendent of transport sysicm. .

(10} It provides transparent bridging and broadcast of Eth-

emet frames betweoen head-end LAN 591 and CDM 535.

(11} Tt self-discovers Medinm Access Control (MAC})
addresses of CDM 535 and (illers Ethernet frames with on-
board CAM. -

A high-level biock diapgram of the LANU 580 is shown in
FIG. 103. The LANLUI 58{ preferably cmploys a single pro-
cessor, unified memaory design. In this embodiment, the main
processor on the TLANTI 580 is the Motorola MC68 MIT360
QUICC32 (581), running at 33 MIIz, which can deliver
approximately 5 MIPS. The QUICC32 is achally a dnal
pracessor embedded controller that alse contains a dedicated
independent RISC processor communicalions called the
CPM. The CPM along with Direct Memory Access (DMA)
can access memory and move communication fraffic without
placing any performance hurden on the main processor. In
addilion lo acling as the host processor, the QUICC32 can
also act as a slave. The LANU 580 implemmentation is preler-
ably based on 4 QUICC32s with one acting as roaster and the
remaining three opersting in slave mode. The combination of
the four QUICC32s provide the majority of the systenm
peripherals,

‘there are several types of memory 582 on the AN 58¢.
The first and largest is 8 MB of page-mode DRAM for the
storage of LANU operational code. In addition (o operational
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code, the DRAM aiso bolds the mouting 1ables, data bullers,
and bufler descriptors needed to process data tmffic. Second,
the LANU contains 2 MB of FLASH memory io store an
image of its operational code. Cn power-up, the image is
loaded into DRAM. Finally, the LANU also confains 128
Kbytes of EPROM to hold boot cade. The boot code wilt load
the contents of the FLASH into DRAM on power-up. I
preater perfonnance is desired, fast SRAM can be added to
hold the dala buffers and butler descriptors for the data traffic.

There are two sets of system peripherals on the LANU:
those that are contained within the QUICC32s sand (hase that
are not. Regardicss of location, peripheral control oa the
LANII 580 is managed by the System Intepration Madule
(soltware) (SIM) of the master QUICCA2. The STM isrespon-
sible for managing gencration of Chip Select (S} and other
control lines.

The most important of the system peripherals are the GMC
HDIC controllers 586 localed n the QUICCA2s. The QMC
of the QUICC32 can implement up to 32 HDLC controliers
renning al 64 Kbps and are used to process (he dala traflic in
the MARIO streams from the CYSU 54. The QMCs 586 can
also support super channels by agprepating muttiple 64 Kbit
channels into bigher data rate channels. The QMC 586 is
implemented in the CPM of each QUICC32 and with the
addition of SDMA can muionomously move communications
data to and [rom nuin memory 582. Operation of the QMC
586 is controlied by the masicr processor 581 through the nse
of bufler descriptors that reside in external memory 582.

In addition to the (QMC 586, three additional HDI.C con-
trollers 587 are used 1o provide twa 2 Mbps FIDT backplane
LAN ports and & 10 Mbit Cthernct port. As with the QMC
586, the master processor 581 controls the HDLCs (hrough
the use of buffer descriptors, but unlike the QMC, these data
siructures reside in duai ported RAM (DPR} that are internal
to the QUICC32s.

There are two additional system periphersls that reside
ouiside of the master and salve QUICC32s, The first is the
Rate Adaptation/Ninthk Bit Signaling/Time Slot Assipner
logic block {(RA/NDS/ISA) 588. The RA/NRBS/TSA 588, as
ils nane suggests has (ree functions. The rate adaptation
function is responsible for converting, the 2.56 Mbps, @ bit
data format ol the mput MAIRIOs to the 2.048 Mbps, § bit data
Tormal of the QMC 586 in boih (he receive and transmit
directions. In both directions the RA is also responsible [or
managing any information (hat may be placed in the 9¢h bil.

‘The NBS is responsible {or transmitting and roceiving (he
data that is carricd witl: eack XSG i the ninth bit. The ninth bit
ig used for bwo distinct functions. In the wpstream direction
the ninth bit carties inlormation regarding the ordering of data
within a multi-channc] call. The signaling, consists of a
repeating number that indlicates which fime position the DS0
occupies in the multichanmel call. The format of the
upsircam ninth bil signaling is shown in Table 9.

TABLE 9

Upstrcam Ninth Bit Signaling

it Contents Description

i i Syne Pattern

2 i Syae Pallern

3 "y Syne Pattern

4 b b Syne Pattern

5 o Sync Pattern

[ e Syne Pattesn

7 DIe] Onfer Number, Bit & [MSD]

k] DRy Tov, Order Number, Dit 8 [MSE]
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TABLE 9-continued

U Ninth Dit Sipnalin

Bit Cogtenis Description

9 N K] Order Nomber, BiL 7
1] TH7T* Inv. Opder Number, Bit 7
11 Di&} Order Muniber, Dt 6
12 61 Luy. Onder Niaber, Bit 6
13 D51 Order Ratnber, BiLs
i4 5> Iev. Onder Number, Dit 5
15 4} Order Mumber, Dit 4
113 D4y luy. Order Nunber, Bit 4
17 D31 Onder Mumber, 13t 3
18 D31 Inv. Onder Number, Dit 3
o 23 Order Number, Bit 2
0 Dizi* Iev. Onder Number, Bit 2
21 D1} Order Mumber, Dt §
22 Dl Inv. Omnder Mumber, Bit 1
23 T Sync Patemn
24 il Sync Paltern

The numbers can range from } to 128 with a 0 indicating
that the 150 has not been assigned a position. Thuring a cali,
the processor 581 will monitor the ninth bit signals from all
(he channels and once the order has heen established, the
processar will configure the TSA function (o order the chan-
nels. Once the order has been established, the processor wil)
periodically monitor the ninth bit signaling io detect any
changes in ordering {that is, frequency hoping duc to exces-
sive crrors). In the downstream direction, the NBS is used to
enable data transmission. Once the LANU 580 receives the
ordering information for (he channels, the processor will
enablc iransmission by sending a data pattern over the down-
stream ninth bif of the first SO of a multi-chinne! call. The
Tormat for the “Data Dial Tone™ signaling is shown in Table
10.

TABLE 10

“Data Dial Tone” Downstream MNinth Bil Signaling

Rit Coatenls Description

1 e Syne Palicra

2 M Syne Pattern

3 “r Sync Pattern

4 i Eync Fatlern

5 e Syne Patlern

3 “or Syne Paltern

7 CMD[I5] Command Bit 15, MSB

& CMD[I4] Command Bit 14

9 CMD[13] Command Bit 13
10 CD{12} Command Bit 12
11 ChMD11] Command Bit 11
12 CMD{10} Command Rit 1
13 CMD{9] Command Bit 9
14 CMD{%] Command TVt 8
15 CMDIT] Command BiL 7
16 CMD{8] Comined Bit 6
17 CMD{5] Command Bit 5
18 CWD4} Command Bil4
19 CMD{3} Commaned Bil 3
20 CMD{2} Command Bit 2
21 MDY Cotrrmand Bit 1
22 CMDI0} Comntand Bit 0, LSB
23 o Sync Partern
24 e Sync Patern

Two commands are defined. The first 15 “Idle Sync™ (bit
patiern for CMD{15:0] is 0000 0000 0000 0000) is sent dur-
ing idie tines to synchronize the receivers. All idle synes sent
from the LANU 580 will be synchronized themselves o
simplify the reception of order information in the upsiream
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ninth bit signating. The secon] command is *“Data Dial Tone™
(bit pattern for CMD(15:0] is 1000 0000 0000 0000) and is
sent once the order of the super-channel has been established.
This conunand will instruct the CDMs lo cnable transmis-
sion.

‘The TSA is responsible for ordering and aggrepating chan-
nels that are gsent to the QMCs 586. Although TSA has the
ability to appregate up ta 128 channels into a single data
stream, mosi applications will apgregate multipte super-
channels, up to & DS0s per super-channel, among four DS1-
like channels feeding the four onboard HDLC conirollers. For
11032 D50 data strearns, the DSOs are apgregated and seat fo
the QMC 586 as a 2.048 Mbps senal stream. Within a single
DS1-kke stream, multiple super-chamiels can be supporled
by connceting to a single QUICC32 QMC 586. The TSA can
alsoapgregate 128 DS0s into asingle 8.192 Mbps data stream
and connect il to a QUICC32 IIDLC conlrolier. In both cases
the TSA is confligurcd {o insure thal (he iime ordering of the
data is maintained.

The fina! peripheral (hat does not reside in a QUICC32 is
{the Conlents Addressable Memory (CAM) 589. The CAM
performs memory accesses based vpon data rather than
address and is used to quickly detenmine whether an Elthernet
frame shovld be accepted. The Ethemet controller 587a inter-
faces o the CAM 589 throngh ghie lopic and the reject input.
When a frame is received that is not in the CAM, the CAM
logic asserts the reject control line and the received porlion of
the frame is discarded. The buffer depth of the Ethemnet con-
troller is set so that no memory accesses are generated on

rejected frames. The CAM is available oft the shelf from -

MIUJSIC semiconductor.

The LANU 580 sils in a DS1U 48 slot at the HDT 12 and
is form and fit compatible with the DS1U 48 1o be backplane
compaiible. The LANU 580 has [our major systcm connec-
tions: MARIO 592, Ethernet 593, HDT LAN 591, and clock-
ing (input not shown in FIG. 103). The four MARIO connec-
tions connect the LANU to the CUSU over the backplane. The
four MARTO connections provide up to 128 bi-directional, 64
Kbt channels. The Fthernet connection connects the LANU
1o a local 10 Mbii, 10BaseT LAN. The 16BaseT connection
will take the place of a single T1 connection of a DS1U. The
connection is terminated by wire-wrapping (he 10BaseT to
the backplane and routing to a patch pancl. Tor call provi-
sioning and olher system functions, the T.ANU 580 connects
to two common 2 Mbps HDLC LANs on the backplane.
Finally, system clocking is provided by an extcrnal source
soch as a Building Integrated Timing Supply (BITS).

Fonctional Description of Upsiream
Communications

For upstream wraflic, the HDLC framed data available on
the MARIO inlerface passes through the mle adaplation and
TSA block 588. In this block, the 2.56 Mbps MARTO inter-
face is mfe adapted down to 2.048 Mbps. As parl of rate
adaption, the ninth bit of each 1380+ of (he MARIO sircam is
siripped and sent 1o the NBS logic. The ninth bit carried an
order number that is used fo time order the DS80s in muki-
channef calls. Onee the order numbers sre established, ihe
processor 581 configurcs the TS A to re-order the multi-chan-
nel calls and target the super-channe} to a QMC 586. For
super-chaunels composed of 32 or less DS0s, the calt is
placed in a singlc 2.048 Mbps data stream, along with other
calls and sent to a QMC 586. For 128 TS0 ealls, the TIS0s are
placed in a single 8.192 Mbps stream (hal is target to a
QUICC32 HDLC conirofler 586 conligured for 8.192 Mbps
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HDLC. Whether targeted to a 2.04R Mbps QMC or 8.192
Mbps HDLC, the frames are accumulated and transmitted on
(he local Ethemet LAN.

Functionat Description of Downstream
Conununications

For downsiream lraffic, data on the LAN is filtered accord-
ing 10 the destination MAC address. If the MAC address is in
ke Conlent Addressable Memory (CAM) 589, the LANU
580 will accept the Fthernct framc. Once the frame is
accepted, the LANU 580 accesses a routing table in memory
582 to sclect the appropdate MARIO siot for transport. The
frame is then scheduled for transmission and the HDL.C con-
troller 581 takes over, In the downstream direction for 32 DS0
or less calls, the IIDLC coniroller 586 is responsible for
creating the MARIOQ stream and coooding the data into
HDLC format. For 128 DS0 calls, the 8.192 Mbps HDLC
data stream is splil among the four MARIO interfaces (A-D).
The time crdering and aggregation in the downsiream diree-
tion is cantrolled by the TSA, After the data passes through
the TSA, the ninth bit sipnaling information is added to indi-
cale (hal data tansmissicn is cnabled. Af the samic time that
(e ninth bit signal is added, the data stream is rate adapted np
to the 2.56 Mbps rate of the MARIOs.

For data movement the an-board memary 582 provides the
switching and buffering necessary to move traffic from the
Ethernet to the MARIO and vice-versa. The dala switching
provides a virtua} circuit based upon rouling information
constructed during call provisioning that maps the MAC

- address to MARIO time siot. The LANU 580 constructs this

routing, table from information provided during call provi-
sioning and by examining the sonree MAC address of Bther-
net frames reccived from the costomer end The MAC
addresses supporied by the TLANILT are then placed in the
CAM 589 where Lhey can be used to filter Ethernet traffic,

In addition 1o the MARIO and Ethernet interfaces, the
LANU 580 also supports two HDT backplanc TAN 591
inlerlxces at 2.048 Mbps, The HDT L.AN is maintained by the
SCNU 58 at the head cid 32 and is used 1o pass configuration
information te the LANU 580. The combination of LANU
580, call processing, and pre-provisioning will provide the
MARIO route (time slot in the MARIO dafa stream) to all
customer devices.

Customer Premises BEquipment (CTE}

The CPE of (he system 500 coptes in different implemen-
tations. Although the basic data [raming and transport remain
the same across all the implementations he underlying
moadem fechnology and form factor differs. There are cur-
rently three general types of CPE defined: HSU based, MISU
based, and Stand-alone (a variant of the ISW based imple-
mentation). Each ol these implementations are discussed
separately helow.

Data Modem Service Module

A simplified block diapram of the DMSM is shown in FIG.
104. DMSM 550 supports up 1o 8 1DS0’s for data tyaffic. Data
1s interfaced to the HISTJ 68 through a Service Growih Mod-
ule (S8GM) interface that implements the bridge router func-
tions of the daia conncction. The bridge/router is based upon
a 68302 embedded processor 605 with 2 MB of DRAM 604

s and 256 Kbytes of FTLASH memory 606. Oncembodiment of

the customer interface 15 a 10Base’], 10 Mbit Ethemet con-
nection 602. The interface between the bodge/router and the
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HISU modem is a Super-T.UIGI (SLUIGL) interfice operat-
ing at 2.048 Mbps. Dala in the upstream direction is accepted
by thc Lihernet connection and relayed fo the HISU 101
modem over the SLUTGT interface as HDLC encoded data. In
the downstream direction, data from the SLUIGI interface is
passed to the HIDL.C controiler 607 and then sent out the
BEihernet connecl through Ethemet conteoller 609, System
niemory consists of 2 Mbytes of DRAM 6904 which conlains
the operational code (hat implements the bridge/router func-
lions as well as an SNMP agent. The 256 KBytes of FLASH
606 is used for storage of the operationnl image and can be
vpdated with TFTP (ranslers.

In (he upstream direction, the HISU interface logic 608 is
responsible for penerating the ninth bii signaling information
Tor each DS0 and interfacing with {he SLIUTIGT stream of the
HISU. The 2.048 Mbps serial data {from the HDLC controller
1s stuffed in the appropoate {ime stots ol the SLUTGT inter-
face. Inthe case of 64 Kbit traflic, all [IDLC data is placed in
a single SL.UIGI time slot. In the case of multi-channels calls,
all HDLC is placed in adjacent SLUIGI time slot receiving
the first byte of [IDLC data. In addition, the interface logic
will generatc an order number for each D50wilh “1” assigned
1o the frst 1380 and “8” assigned o the last DSO, “0” is
reserved lo ndicale that the position of the TS0 has not been
scl. In ihe event of frequency hopping, the interface logic wilt
conlinve to pumber (he D50 time-slots in the order that they
are received. For example, under normal circumstances DS0
ninth bit signaling would tag the {ime slots as ©#12345678-"
for an eight channel call. ITDSO0 4 is lost due to ingress, then
the new order would be “123-45678." This signaling infor-
mafion is used at the head-end to reorder the DS0s indepen-

dent of the frequency hopping and trensport scrvices.

* In the downstream: direction the HISU interface logic 608
is responsible for taking data from the SLUIGI inlerface from
the RIF modem 101 and giving it to the HDLC contmoller. In
addition, the FISU interface logic monitors the ninth bit
signaling information of the first D30 to detect he “Daia Dial
‘Tone™ sequence. The “Dala Dial Tone” sequence is sent by the
hiead-end 1o enable data lransmission. During the call provi-
sioning pracess the HISU interface logic sends the ninth hit
ordering information as soon as the SLUIGT fime slots indi-
cate that they can accept data, It is not until the HISU interface
logic gets a positive acknowledgment (hrough the *Data Dial
Tone" that data is sent to the head-end in the upstream direc-
tion.

Data Modem Channel TInit (DMCU)

A simplified block diagram of a DMCU 610 is shown in
FIG. 105. The DMCU supports up to 128 DS0s for data
traffic, The data interface to the MISU is a specialized channel
that sits on fhe MISU backplane. The basic desipn of the
DMCU 560 is very similar lo Lhe design of DMSM 550, The
most notable difference is the interface to (he RT portion is

two 8,192 MHz serial channels. This sllows the MISU inter- s

[ace to support a symmctrical 8.392 Mbps Ethemet conpee-
lion. Because of the higher throughput the MiSU is based on
the MCG8360 614 thal can support both the 8.192 Mbps
HDLC conneection as welt as the 10 Mbit Ethernet, In front of
the 10 Mbit Gthemnct interface 612 is a router 616 (hat allows
four users access 10 the 8.192 Mbil data connection. The
rouler 616 design cnsures sccurity for all connected users.
The design contains 2 Mbyles o DR AW 618 and 256 bytes of
FLASH 619. Like the HISU design, the FLLASH can be
remolely npdated with THTP.

The DMCU 610 has an equivalent interface [unction that
moves data from the HDLC controller 611 1o the RF modem
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and works in a very similar way to the DMSM 600 with the
exception that the MISU moden: interface is formatted as two
SLUIG! slreams that are clocked at 8.392 Mbps. Between the
two SLUIGH sireams, 128 DS{0s can be canded between the
HDLC controller 611 and the modem, The MISU nterface
logic 613 is responsible for buffering and then sending data
over lhe dual S-LUIGT interface to and from the RF madem.
In the upstream direction the MISU interface logic 613 gen-
erates order numbers for each of the 128 DS0s over the ninth
bit of the 13S0+ (the order numhers genemted on the MISU
work in the same way as they do on the HISU}. In the down-
stream direction, the MISU interface logic 613 is responsible
Tor moving data from the §-LUIGI streams to the HDLC
controller 611, The MISU interface logic also monitors the
ninth bit data stream from the first DS0 1o detect the “Data
Dial Tone™ thal cnubles data lransmission, Bthemnel controller
17 moves the data to (he router 616.

Siand-alone Data Modems

The stand-alone data CDMs are based vpon the HISU
design. In the stand-alone designs, the RF modem 101 ol the
HISU is tightly inteprated with the bride/router desipn. Like
the DMSM 600, the stand-alone supports from 64 K 10 512 K.
The interfaces are identical with scveral options: standard “F*
style conuector to the cable, 10 Mbit Ethernet and R5232
conneclion to the customers equipnient.

System Software and Call Processing

Tn the TR-008/V2 syslcem, calls are provisioned and najled
up at time of mstatlation. Under this scenario an operalor at
the head-end 32 is responsible for detenmining the MARIO
configuration and transler mies (64 K lo 512 K)). The DATS
methodology of present invention utilizes TR-303/V5 call
processing (o provide dynamic aflacation of bandwidth. To
mamtain the telephony oriented architecture of the sccess
platform of the present invention, the LANLU 580 takes on
responsibility of a imited subsel of (he Cenlral Office {CQ)
functions, This approach has the distinct advantage that the
data sessions are fully integrated with telephony.

At the fime of deployment, 1« LANU 580 will be identified
as a “Master” LANU (inLANU). The mLANU will have the
responsibility o mainfain the CO-Hke lunctionality lor all
data calls o (he ITDT 12. In order to perfonn these lunclions,
the mLANU will represent itsell {o the HIYT as an IDT. When
the mlANU is pre-provisioned, the mLANU wil} be given an
IDT identifier and assigned a Time Slot Manspement Chan-
nel {IMC) channel from the CTSU 54. Regardless of the
number of LANUs 588 in the HDT 12 a single mLANU will
allocate and keep track of available DS0s [or all (he LANUs
in the HDT. As customers are configured, a Cail Reference
Value (CRV) for the selected CDM will be assipned to iden-
tify the customer. The CRY aleng with the number of data
channels will be added to a call provisioning databasc on the
mLANU.

The call processing sequence for call origination is shown
in FIGS. 106-109. Call processing begins when the CDM
geoemtes an “Of-Haook™ message over the 1OC associated
with the HISU, MISU, or Stand alone CDM (described
above). After the “Off-Hook™ message is received at the
CXMU 56 then sends a “Request Service™ messape over the
backplane. I.LAN 591 to he CTSU 54 identifying the CRY of
the originator. After receiving the “Request Service” mes-
sape, the CTSU 54 sends a set-up messape to the mLANU
580 over the TMC (DS0 in 2 MARIO stream). The mLANLI
uses the CRV to access (he on-board database in memory 582
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and defermine the mirber of 1)50s to allocale the call. Once
the number of channels has been determined, the mlLANU
identifies the 1SS0 and D8] for the call. The mI.ANU (hen
sends a “Make Cross Connect” message 1o the CTSU 54 aver
the TMC identitying the T3S0 and DS1 and their association
with the CRV. In response the CTSU 54 sends a “Req. Band-
width” messape to the CXMU 56 aver the backpiane LAN
591 to allocatc (he bandwidth in the transpon.

Prclerably, the DAT methodology and system provides that
cach subscriber is represented in the database as having sub-
scribed to a certain level of bandwidth per data conneclion.
For cxample, a subscriber may sign up for 512K of band-
width. Upon ¢all setup or connection, the DAT methodology
thus assigns each user the number of channels required to
achicve (he subscriber’s bandwidih. However, in certain
cascs, the ransport sysiem 500 may not have the necessary
bandwidth to allecate to a subscriber their normal subscripted
bandwidth. Under these circumslances, (he subscriber is allo-
cated a lesser amount of bandwidth, for example 64K of
bandwidth, By dynamically adjusting the amoun! of band-
width assigned at call setup lor each call, (he mLANU can
maintain a minimum level of handwidth for each subseriber.
However, existing, constraints prevent small decremental
bandwidth re-atlocalions. Constraints existing within the sys-
lcm 500 as described above will enforce the halving ol band-
width of some subseribers to accommodate additional sub-
scriburs, miher than by means of a2 more evenly distributed
loading. As shown in FIG. 107, as (he number of subscribers
increase (on the honzonlal axis) any given user’s allocated
bundwidlh will halve al a cerlain user density. The spread
around the average indicates that some vsers will necessarily
lose half their existing bandwidth extlier under loading than
will others.

The constraining factor in preventing a more equitable
burder is the window nature of the present HISU 68 RF
tuning, As noted ahove, the HISU nmes 1o one of 24 10C
channels spread througlout the &6 MHz cable channel and has
access fo five payload channels ahove and five payload chan-
nels below lhe selecied I0C [requency. Tt cannot bormow
payivad channels oulside this window of ten channels, so
therelore there is no way for the “25th™ user (o borrow justone
channel each from seven other users. It can only sit on top of.
one ol the existing 10C payload windows and takeover halfof
the window bandwidth, At that poinl, 23 users would be
granted 312 kbs bandwidth and two users would cach get 256
kbs bandwidth. The *26th™ nser would result in 22 users with
512 kbs and four users with 256 kbs, and so on. This general
patlem is repeated al a oad of 72 users and 120 nsers. (There

is & discontinuily in (he paltern from 48§ to 72 users due to the 5

previously unused two of ten DS0°s per window being
pressed into twa DEG 128 kbps service.) The graph of FIG.
10% Hlustrates the distribution of bandwidih to users as the
mumber of users increases. It is also contemplated that a
subscriber could have different default or standard data rates
depending on the time of day or day of week, or hased on
system Joading, such that a user can receive even morc band-
width thay their standard rate uader certuin system Joading
conditions, such as if the system is loaded helow a predeter-
mined threshold at the lime the subscriber seeks a connection.
Also, using (he ninth bit signalmg, the mLANU can “steal”™
bandwidth [rom other (c.g. high capacity) users, This is done
by removing the Data 1ial ‘Tone [rom a subscriber using the
ninth bit signaling, This quiesces the user’s tine, allowing, the
number of channels lor that usercan be reassigned to increase
the bandwidth aliocated to thenser. This technique can also be
used to decrease the number of channels assigned 1o a uscr.

104

Tn order to cstablish (he fanspord, he CXMU 56 treins the
modems (as described above with respect to system 10) und
associaies (he available tones with DS0s. Once the training is
complete, the CXMU 56 scnds a “Pass™ message to the CTSU
54, which in turn informs the mLANU over the TMC that the
call is complete wilh the “Cali Complete” message. In
response, the mLANU configures the HDLC conirollers 586
and the TSA 588 on the mLANU or another LANU through
communications over the backplane LAN. At (s point the
pipe is established but data is oot yet enabled,

In order lo aciually bejgin data ransmission two additional
sleps have 1o accur across the ninth bit signaling of the 1380s.
At (he poinl where the modems are ained the HISU 68 or
MISU 66 interface logic (608,613 ) will be enabled to transmit
data. Once the leansmit is epabled, the interface logic will
hegin transmitling the D80 ordering number in the ninth bit of
each 1350, At the TLANTI 580, the processor 581 will maonitor
the ninth bit sipnaling to determine when al} D50s have
established their order. Once all D80s have established order,
the LANL 580 will send the “Dala Dial Tone” pattern on the
ninth bit of the first DS0 1o the multi-channel call. When the
TSU 108 recetves the “Data Dial Tone” data communications
are ensbled and data transmission begins,

A session Is terminated at the customer end when no dala is
available for lransmission by generaling an “On Hook™ mes-
sage. The call processing sequence for an “On Hook™ mes-
sage is shown in F1G. 110. When the CDM terminates the
connection, an “On Hook™ message s scnt over the TOC to the
CXMU 56. The CXMU 56 in response sends an “Cn Hook™
messape, identifying the CIRY, to the CTSU 54, The CTSTI 54

. then sends 5 “Tear Down™ message o the mL.ANII 584 over
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the TMC. At the mT.ANU 581, (he connection is deleted from
the conncection dalabase and (hen released. 1f the connection
is not on the mLANU, the mLANU will send a “Release
Channel” message 10 the target LANU 580 and also will send
a “Release Cross Comeci” message to the CTSU 54. The
CTSU 54 wilt release the cross connects used for the connee-
tion and then send a “Release Bandwidth™ message to {he
CXMU 56. At the CXMU 56 the mapping between tones and
13805 is lost and the cornection is lost. When the connection
is lost, the CDM will lose the *Data Dial Tone” in the ninth bit
sipnaling, of (he first DSOQ of he call.

The LANLU 580 can also be conligured to bring up connec-
tions to customer-end equipment. This allows for notification
afincoming c-Mail and persenal Web pages without tying up
idle bandwidih. To do this, (he master LANU in each systermn
will maintain a mapping hetween the MAC address for each
dala clement in (he system and eross that with the CRV. Then
an BEthemet packet is put on the head-end LAN 591, and a
LANU 580 will read its MAC address and determine whelher
the connection is up to the device, ifthe connection is up, the
packet will be forwarded over the HF(C transport. I the con-
neclion is not in place, the receiving LANU 580 will generate
a connection reguest to (he mLANU. The mLANU will then
signaj the transport system over the TMC (o bring up a con-
nection to that device wsing the 0C. The receiving LANU
580 will then send the data once the connection has been
establislied.

LANU Sofiware

The LANU software 620 is responsible for the all major
function ofthe data concentration of the head-end equipment.
A sinplified schematic diagram of the LANLI software is
shown in FIG. 111, The software 620 consists o three major
camponents: bridging 621, IIDLC LAN manager 622, and
datz IDT 623. All three 1asks will operale as applications on
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top of thc embedded controller aperating, system “pS(OS8”
kernel in the processor 5B1. The pSOS kemel will provide the
basc for the mulli-tasking operation of the software 620,

The most inportant task ta the actoal transport of data wilt
be the bridging task. The bridging task has several functions.
First, the fask will be responsible for providing, the virtual
switch between the MARIO and Ethernet interfaces. The task
‘will be implemented as an “interrupl on receive™ task that will
exccute at inlerrupt level. At cither inlerface, an inferrupt is
issved when an entire frame has been received and stored in
buller memory {FIG. 103, 582). During the interrupt service
routine, the packet will be handed off by modilying the asso-
cialed bulfer descoptor aller fooking up the routing in the
bridging lable {stored n memory 582). For upstream traffic
(HDLC to Ethernet), the source of the firsi packel will be read
to discover its MAC address. This address will be added ta the
bridging table and written to the Fthernet CAM 589 for fil-
tering,

A second function of the bridging task is the creation and
mainlenance of the bridging lable. The bridping table will
match the MAC address of the CDM 535 with the MARIO
DS0s so that data can be moved belween the Ethernet and
HDLC. During cali processing, the DS0Os that are allocated to
(he call will be identified by the mLANU 580 through back-
plane LAN (591) Messaging and nstalled in the bridging
table. As descobed above, when (he first frames begin to Aow
from the CDM, the source MAC address will be identified and
the table entry for the CDM will be complete. At this point
data wiil flow in both dircetions. Once the MAC address has
heen discovered, the bridging table entry will remain intact
until the connection js terminated by the CDM.

A (hird [unctlion of (he hridging task is maintenance of an
SNMP agent. SNMP (saflic will ke handied and processed
from the Ethemet port. The agent will support a standard
MB-II information database [or fransparent bridging. Inaddi-
tion, objects will be added to the MIB that are specific to the
data architecture to facilitate CMISE-SNMP infcgration and
different billing options.

Finally, the bridging function may support link-layer
encryption/decryption on the bridged data. Eneryption/De-
cryption nay be software only or hardware assisied depend-
ing upon Lhe desired performance of the system. In either
case, this function will execute as an application on top ol
pSOS.

Another component of the LANU soltware 620 is the HDT
LAN manager 622. The [IDT 12 LAN 591 is used to com-
muiicale sysiem messages between the elements of the HD'T
12, During pre-provisioning, the SCNU 58 will communicate
system parameters such as CRY, IDT ID, and number of
channeis accessible by the CDM to the mLANU 580. These
parameters will be used in the construciion of the call provi-
sioning lable resident on the mI.ANUL During call provision-
ing, the mLANU will exanine the provisioning table for
available T)50s and use the HDT LAN 591 {0 set up MARIG
vonligurations on other LANUSs 580.

Anolher importaat [unction ol the HDT LAN manager
. software 622 is suppor for ficld software upprades. During
download, the LANU 580 will lake the image from the HDT
LAN and store it in on-boand FLASII memory. Aside from
the SCNU 58, the LANU will be the only board in the HDT 12
that will load its imape from its own FLASI on power up. As
such, support for image download from the SCNL 58 Gther-
net port will need to be added to the SCNU sofiware. A final
function of the LAN manager software 622 is (o provide the
network management access 1o the SNMI environment of the
LANU.
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The finat major task of the T.ANIT software 620 is the dala
IDT 623, As described above, the sysiem 10 of the present
mvention is designed to provide access from POTS to a CO
switch. As such, the burden of resource allocation and assigu-
ment of DSQ terminates at the switch. Since the data apchi-
techure of he systemn 10 terminates at the head-end there is no
such centralized resource in the architecture to provide the
services of the switch. In order to provide the services
required to tenninalc the data “calls™ 1 single T,ANU 580
functians as the data IDT. '

The function of the data IDT is to provide a sinple poinl of
reference for the data resources ol the IIDT 12. During pre-
provisioning of the LANU hardwarc a LANU 58C¢ will be
designated the “*Master™ LANU (mlLANU) and assigned an
IDT identificr The mLANU 580 will (hen (ske on the func-
tion of the swilch for data calls by maintaining a table that
maps CRY's to service level (#of channels). In addition, the
mLANU will maintain a map of all available DS0s an all
LANUSs (including the mLANU itseif) instalted at the HDT. A
copy of the call provisioning table will be kept in on-boarl
FLASEH so il can survive a power loss.

In order to maintain compalibilily with standard telephony
traffic, the means of communication between the CTSU 54
and mLANU will be a TMC connection over one afthe DS0s
within a MARTO. During call provisioning, the CTSU 54
sends a setup message over Lhe TMC and the mLANTU will
respond wilh a “Make Cross Connect” message that identifies
the )56, DS1, and CRY Ilor ihe conneclion. As discussed
previously, the mLANU will also configure the LANU 580
for the connection through communications over the HDT 12
LAN 591. Therefore (he data 1] software 623 will crmulate
the switch though its communications with the CTSU 54 over
the TMC using Q.931 compatible messaging.

On all LANUs in the IIDT 12, whether master or not, the
data IDT software 623 will be responsible for configuring the
TSA and comnmunicating with the bridging task. In configur-
ing the TSA, the data IDT wili monilor the sequence numbers
in the ninth bit signaling and appropriaicly configure the
mterconnect so that the order within a multichannel call is
maintained. In addition, the data IDT software 623 wilt com-
municate the statc of the connection fo the bridging task to
open up the data pipe.

Anolher imporant function of the data IDT software 623 is
to provide the information needed to provide billing and other
accounting functions, As an TDT like fanction the data 10T
wiil also support standard CMISE objects.

CDM Softwarc

Soltware provided in a CDM 535 (executing on the local
processor 695 or 614 and represented by such elements) will
provide the same types of functions, Themajor function of the
CDM soltware is 1o provide the bridge/router (brouter) lunc-
tionality al the cuslomer-end. In supporiing the brouter lunc-
tion the CDM software snppors IP routing, PPT, and SLIP As
parl of IP support the CDM supports TFTT for downloading
new cade images. The CDM also supparls a standard SNMP
apent with a full MIB-TI information hase. Preferahly, the
software executes on cither the 68302 {605) ar 68360 (614)
Processor.

The contral of the modem portion is with the standard
MISU ar HISU sofiware ronning, on 2 Matorola 6811C11.
This code supports all the alarm conditions and communica-
tions set out above for IOC communicalions. The interface
between the RY modem and the brouter is preferably a hard-
ware only implemeniation.
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Network Management

Nerwork management of the data architecture of sysiem
500 is preferably provided by both CMISE and SNMP. The
CMISE portion of network management will be responsible
for the transport mechanism for data, while SNMP* will be
uscd for data nelwork oricnted management. In this envion-
ment, SNMP is an overlay to the CMISE environment.

As with all telephony services, the dala architecture will
depend upon CMISE for network management of call provi-
sioning and other transport related functions. In addition,
CMISE will be responsible for accounting on data connec-
lions. This approach provides for a very Aexible billing sys-
tem where services can be billed per connection time, byles
passed, or packets passed. Statistics will be collected in the
mLANU and reported to the network manager.

SNMP management is used to provide dala services nan-
agement Tor the data acchitecture. In this way the data archi-
tecture will resemble a standard data network. Within SNMP
mznagement, the LANU 580 and CDM will mainlain SNMP
agents campliant with the MIB-II standard. Ta erder to sup-
porl an SNMP agent both the LANI and the CDM will need
1o supporl the UDP und IP protocols in addilion to the SNMP
prolocol. In order to provide a single point of manapement for
dala and telephony, both CMISE and SNMP are preferably
ntegrated info the same element manager. This lovel of intc-
gration will simplify billing by providing several options such
as bill by connection time, bytes passed and packe! passed.

Asgymmetrical Data Delivery

For many casual residential uscrs, data traffic can be char-
acterized as mostly “bursty” {intermittent), downsiream Lraf-
fic with relatively, small upstrean: needs. The most cos( eflec-
tive means ol delivering scrvices such as Web browsing, file
downleads, and CD-ROM preview is asymmetrical transport.
Theasymmetrical data transport embodiment of the invention
mcludes a customer premise unil or Personal Cable Data
Modem that contains a 30 Mbps, QAM downstream demodu-
Tatar {PCDM-30) 620a, as shown in FiG. 112. PCDM-30 also
includes an OFDM upstrean modulator supporting a mini-
mum of 64 Khps gnaranteed, non-shared bandwidih. The
connection fo the cusiomer-end equipment is 10BascT Lih-
emect that supports standard TCP/IP,

Atthe head end 32, an ASMU 6224 supports multiple nsers
on a single 30 Mbps channel which occupies 6 MHz of
specirum outside of the channels of the telephony transport
syslem 10. In addition lo (he downstremn modulator, the
ASMU 622a concentrates the return channels by interfacing
with the HDYI 12, Upstream trallic is carricd over as a single
D80 and inteprated with the downstream transport on the
ASMU 622a. The connection from the ASMU to the head-
end services is 10BaseT, bui higher capacity industry stan-
dard connections are also possible.

The ASM1J 6220 sits at the head end 32, but not in the HDT
12. The lunction ol the ASMIJ 622¢ is to inteprate the
upstream path for up to 460 DS0s (Confipurable from 64
Kbps t0 512 Kbps) and a 30 Mbps shared downsiream. Bach
LANU 580 will generate an 8.2 Mbps HDLC stream that
contains (he 64 Kbps Ethernct packets from a1} the users that
are aftached to LANU through (he transport system. On the
ASMU 622a, up to four of these, are aggregaled, and sent out
o the head services over 10BaseT Hihemet. In the down-
stream direction, the data on the 100BaseT is [iltcred on the
ASMU, and those packets destined for he customer end
products are accepted and then modulated onto the 3¢ Mbps
shared medium.
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In order to register 8 modem, the cnstomer-end modem
sends out an IP packet to identily itself. This causes the
LANU 580 & assign an FIDLC address that is mapped to the
MAC address of device, This information is passed to the
ASMLU 622a so that the FIDLC address can be used by the
modulator over the HDT 12 backplane LAN 591. The HDLC
address and frequency for the tuner is also sent to the cus-
tomer-end over the downstream telephony path and registered
at the customer cnd. This address is then used by the cus-
tomer-end equipment to filter the 30 Mbps downstream chan-
nel.

One advantage of (he asymmeirical system is that a rela-
tively larpe munber of casual users (3004) can be supported
by a single multi-megabil downslream transporl, with an
optimal amouni of upsiream capacily. The implementation of
the downstream matches the downstream of other cable data
modems in use and additionally provides supedor, high
capacity upstrcam. Since casual users place lesser demands
on (he network (peak utilization is jower than that of busi-
ness), users can be concentrated on the return channel, thus
towering head-end 32 costs.

“The upstream channel in asymmetrical applications is still
fmportant due 1o the nature of the ucknowledge protocol of
TCPAP, where blacks of data sent in the downstream must
wait on an acknowledge message from the receiver before
subsequent data blocks are sent. Hthe vpsiream channel istoo
small, the downstream chamnel will stall, reducing the utili-
zation of (he downstream bandwidith. By suarmnleeing a mini-
nuum of 64 Kbps (o cach user, the asymmetrical system can
deliver greater than 1 Mbps snstained to each nset, maiching
ke capacity of most residential computer equipment.
Another advanlage is the supedor security of OFDM in the
vpsiream. Unlike other shared upstream modem products
currently available, the asymmetdcal sysiem bLerein
described prevents information, such as bank accounts and
credit card numbers exchanged during on-tine Internet shop-
ping, from being “seen” by other modems on the network.

Summuary of Data Delivery System Advantages

Thus, the symunetrical cmbodiment ol system 500 provides
many options lor the delivery of data services aver HIFC
distribution network 11 10 he residence or business. The
DMSM 550 provides from 64 Kbps to 512 Kbps access fo
head-end resources over a 10BaseT connection or RS232 (64
Kbps service). the service is symmetrical (same data rale
vpstream and downstream}, non-shared and dedicated to encly
user, providing a puaranteed level of service. As an add-in
card to the HISU, the DMSM 550 provides complele trans-
port integration with (elcphony, supplying high-speed data
and two POTS lines to the residence. The PCDM 548 pro-
vides the same data transport capabilities as the DWSM 550
in a smndalone configuration, packaged W a tradilional
modem housing. This implementation is ideal for premises or
installations where lelephony is not deployed.

The DMCU 560 is an MISUJ channel unit that provides
higher data rates than either the DMSM or PCDM-512K, The
DMC 560 router manages four subscribers who share up to
8.192 Mbps of synunetrical bandwidlh. The router imple-
mentation goarantees that all four subscribers on the DMCLT
560 have private connections. The DMCU 560 works well for
multiple dwelling, installatons for Internct access and small
busincss conncclions where symmetrical, non-shared data
access is required. )

At the head end, the LANU 580 provides the concentration
of up to 100 DS0s in flexible combinations of various data
rales, [rom 641 Kbps to 512 Khps for residential, and up lo
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%.192 Mbps for business applications on a single, ndustry
standard 10Base’l connection. An HDT 12 ean be configured
with vp to scven LANLs, concentrating up to 700 DS0s. Tn
addition to the industry standard transparent bridging func-
tion, (he LANU also provides the intcllipence for the
dynamic, adaptive allocation of bandwidth capacity to opti-
mize transpor during fimes ol heavy loading. This capability
cnables an FIFC service provider using system 10 o mix
residential and business data services in a single 6 Mliz
channe! withoul compromising (he quality ol service for busi-
ness conneclions during peak Internet access times.
Dynamic-aflacation allows the customer units o cificicntly
ulilize the data transport by dropping cannections at times of
no traffic and re-establishing them when data is ready to send.
Euch time a connection is established (he LANU 580 witl
aliceate bandwidth of up 10 a maximum of 512 Kbps, depend-
ing upon the network foad, with a minimum of 64 Kbps.
Finally, the LANLI coflects detailed traffic statisiics that can
be used for a varicty of billing methods, for instance bilt by
connect fime.

System 500 is particularly elfective in mceting the special
needs and higher expectations ol business applications, Busi-
nesses lend 10 reqaire a higher level ol upstream signating in
order fo support applications such as lelecomnwting and vid-
enconlercncing. Most cable daly modem network architec-
{ures can provide only limitexd vpstream capacily, but ADC is
able 1o, offer a very high capacity upstream due to the effi-
ciency of OFDDM and frequency agility. Guaranteed band-
widih is of equal importance to upsiteam capabilitics. Busi-
nesses must have full access o their pipeline at all times,
regardless of other traffic on the network, With system 500,
once a premium user’s bandwidth has been establizhed, it
cannat be diminished, regardicss of the number of users who
subsequently access the network.

The security of the dala being transporied is also a major
concern to businesses. Seewrity at the lransport layer {encryp-
fion and sccure key exchange) and at the network layer (fil-
tering) is provided by cumrent lransport fechnologics. Systecm
S0 also provides additionsl securily al (he phiysical layer,
made possible by utilizing, frequency scrambling within the
OFDM . ransport.

The symmctrical produoct line is well snited for “power”
internet users who use their PC’s not only for casval Web
browsing but for remote LAN access, telecommuting, real-
time audio, and possibly vidco teleconferencing, While these
users are demanding, they are frequently early adopters of
technology who will push the Limils of Inicrnet access and
Inlernel applications, making the symmmetrical, nop-shared,
guaranteed quality of service of the symmetrical products a
requirement.

For bath residence and business users, the symmetrical
embodiment of system 500 provides for supenior integmtion
with telepliony. By otilizing OFDM 1mnsporl in bobh the
upstream and downstream, the symmetrical system cen cary
data in the same 6 MHz channel as telephony traffic, This
capabilily is ideal [or smaller inslallations and early deploy-
ment where eflicient use ol speclrum is important, In addi-

- tion, OFDM provides a very. secure data delivery stern by
implementing a point-to-mulipoint bridge for data where
lwo cuslomer premises unils never share (he same digital data
stream. The delivery of data over system 500 requires the
efficient allocation of available bandwidth and network man-
apement of system resources.

System 500 provides a completely scalable data architec-
ture by dynamically allocating bandwidth for data tmaflic
through iis utilization of a subset of standard TR303/Y$ call
processing software. This system capability gives HFC ser-
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vice providers the Aexibility to tailor the configuration of
head-end resources to satisfy the diverse needs of their sub-
scriber base. Subscriber services cun be provisioned at the
head end as symmetrical [ixed, symnicirical variable, or
asymmelrical scrvices. As the subscriber mix chanpges or sub-
scribers upprade service, head-cnd resources can be re-pro-
visioned to meel the new requirements. For example, oscrs
can be easily reconligured 1o upgrade from 64 Kbps service to
512 Kbps or even Trom asymmetrical to symmetrical. For
capacity planning, data bandwidth is allocated as a number of
DS0s to potential users wilh a single FIDT supporling up to
720 DS0s. The number of vsers supporied is then a function
of service level (number of DS0S) and concentration ratio
(number of vsers per DS0O).

To cusure Lhat service providers have an effective tool to
manage their cable data networks, sysiem 500 offers an inte-
prated dataftelephony nebwork management solution. Data
management is based on industry standard SNMP agents and
MIBs {management information bases), which arc then com-
bined into an integrated dataftelephony network management
emvironment. Integration of data delivery and tefephony into
a single petwork management system has several advaniages:

(1} Symmelricat data, asymimemeal data, and telephony

clements can be managed by the same element manager.

(2)1.ess support staff is required.

(3) Beller integration with billing.

{4} Beter fault isolation.

{5} Lower Mean Time To Repair (MTTR).

Thus, system 500 provides a single, integrated system that
can meet the diverse needs of potential subscribers, from
casual Internet browsers to high-capacity busincss nsers. The
integrated solution pives HFC service providers a single pojnt
of network management thal results inreduced support costs,
reduced staffing costs, and shoriened lime (0 fum-up new
services. Finally, the OFDM techoology of system 500 pro-
vides data, video and telephony services in a bandwidlh-
efficient system thal reduces the demands on & very vuluable
commoditly for HFC service providers spectrum,

ATM Embodiment

The system 500 of the present invention can also be con-
figored to carry data firom an Asynchronous Transport Mode
{(ATM) nelwork. As shown in FIGS. 114 and 115, system 10
ar 500 ofthe present invention is modified o include an ATM
multiplexer/modnlator 650 which can receive ATM data from
an ATM nctwork 652 and modulate it onto the HPC network.
In one preferred cmtbodiment, digital video data is delivered
aver ATM neiwork 652, multiplexed and modulated using
mulliplexer/modiulator 650 onto the HFC network in RY digi-
tal OFDM format on assigned data and/or telephony chiannels
hetween the head end and a subscriber, as for example
described above wilh respect to system: 10 or 500. A digital set
top box 654 receives the digital video, Tormalled for example
n 4.0 Mbps MPEG or equivalent, and converts il lo video for
display on a television §56. A refurn path to the HI¥] 12 over
a telepbony or data channel allows for interactive digital

video. A video server 658 and ATM switch 660, feeding the .

ATM multiplexcr/modutator 659, is shown in FIG. 115.

Cmbodiment of Control Aspects of
Telecommunicalions Systen Channel Manaper

In one embodiment, conununication system 10 of FIG. 1
includes channel manager 900 of FIG, 59 to control various
aspects of the dynamic allocation of channels to TStTs 100,
For example, channel manager 990 assigns each [SUT 1M o a



US 7,672,219 B2

111

subband, allocates channels in the subband 1o an TSU to
complete 2 communication fink, and monitors the channel (o
defect and avoid use of comrupted channels. Channel manager
900 implements forther functions as described below to coor-
dinate the use of the chapnels in & ¢ MH2 tramsmission chan-
ned to 1ISUs 100,

Chanpel manager 900 may comprise software execuled by
a processor resident in each CXMU 56 of each DT 12.
Channel manager 900 receives events from board support
software 902, 10C and madem communicators 904, ISU
ranger 906, and administrator 908. Channel manager 900 also
sends messapes to JOC and modem communicators 904 for
allocation or reallocation of chaunels, Channel manager 900
uses hwo types ol channels to communicate control dala to the
ISUs, First, channcl manager 900 broadcasts control data
over (he JOC channets to the ISUx. The cantro! data on the
T(GC channels conlains an identification sipnat that indicates
the ISTJ to receive the control data. Further, channel manager
900 uses an 1SU demand link channel, relermed to as an TDL
channel, lor non-lime-critical lransporl of data between head
end 32 and an 1SU when the data is ol 2 size (hat would benefit
from a tmasmission channel with more bandwidth than the
10C. Typically, the data rate for the JOC channel is 16 Kbps
and the data rate for the TDL. channel is 64 Kbps due to the
amount of dafa cantained in each package or frame. Typically,
control signals contain four data bytes ar less per frame or
package. The TDL channel is used to transmit data packages
that arc larger (han (his. For example, the IDI. channel js used
ta download soltware to an ISTJ, provision a channel unit,
transmif futor: chamiel vnit lunctions, or transmit protocols.
In one embodiment, IIDT 12 only implements one IDL at a
lime. The IDL channel is described in more detajl bejow,

Subband Assignment and Channcl Allocation

Channel manager 900 is responsible for assigning an ISU
1o a subband and for allocating payload channels for comnmu-
nications links 1o the ISU., Appropriate selection of subband
and payload channel improve the periormance of communi-
cation system 10. Channei manager 904 further monitors the
channels and reassigns subbands and reaocates channels as
necessary 1o maintain scceplable communications links
between head end 32 and ISUs 104.

Chanoel manager %00 selects a subband for an ISU in
several cimhmstances: during acquisilion, when an HIST is
assigned 10 a subbund thal has insuliicicnt payload channels
to meet a request, and during an HISU 10C timeout cvent. An
10C timeout event occurs when acknowledgments are nol
rcceived by channelmanager 960 fron: an 15U within a speci-
fied time period. With a timeontt, it is assumed that the down-
slream commmunicalions to (he 18U are still in tact even though
(he upstreamn communications have become corrupted due to
naise or collisions. Thus, a message on the TOC to retune to a
new subband is assumed to reach the ISU despite the lack of
an acknowledgment.

In each case in which an 15U is assigned 1o a subband,
channel manager 900 uses various criteria 1o sclect the sub-
band [or an 1SU. FIG. 62 is a Jow char that illustrates one
embodiment of a method for assipning an ISU fo a subband.
According, to this method, channel manager 200 first sclects a
subband 6202. Chamnel manager 900 then determines
whether addition of the ISUT to the subband would provide an
acceplable load on the IOC channel 6204. For example, chan-
pel manager considers the number of 18Us assigned to a
subband. IFurther, channel manager considers the type of [SU
and the likely load that the ISU will place on the IGC channel.
By vonsidenng these [sctors, channel manager 900 can selec-
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tively distribute the load on the 10C channels so as 1o [acili-
tate timely communication of control data to and from the
ISU. Tluis also allows channe] manager 900 o evenly distrib-
ute the ISUs over the available subbands such ithat a like
number 0f 15Us occupy each subband. Channel manager 960
also weighs Lhe number of available channels 6206 wilthin the
subband and their transmission quality 6208 as recorded in
the 1ables of channel manager 900. Channels with tonger
low-error rate histories will be nsed first. Channels previonsty
marked bad and reallocated for monitoring witl be vsed last.
Based on these critenia, channel manager selects a subband
Jor each ISU 6210.

FIGS. 63, 64 and 65 are frequency spectrum diagrams that
illustrate initial assignment of HISUs and MISUs to varouns
subbands in a 6 MHz transmission channel. These Figures
show that channel manager 900 uliemp(s to evenly distribule
the 151z acrass the transnyission channel. As depicted in FIG.
63, channel manager 900 begins assigning subbands at the
middle of'the 6 MIIz lransmission channel. Channel manager
900 then moves out toward the ends of the lransmission
channel. For exsmple, the first HISU is assipned to subband
number 12 and the twenty-fourth HISU is assigned 1o sub-
band 0. It 35 noted that mare than one 1St can he assigned to
a subband. As depicted in FIG. 64, channel manager 900
imitially assiyms the first MISU o subbands ) through 12 and
(he next MISU to subbands 11 through 23. As depicted in
FIG. 65, when HISUs and MISUs are assigned to the same
subbands, channel manager assigns (he subbands so. as to
evenly distribute the ISUs over the available subbands, It is
nated that the factors listed lor vse in selecting a subband are
shown by way of cxample and nol by way ol Timitation. Other
factors can be added and the weight given Lo each factor can
be adjusted without departing from the spirit and scope ol the
present invention.

FIG. 60 is a Aow chart that illustrates one embodiment for
a melhod [or sllocating payload channels in a sobband by
channel manager $00. Chanuel manaper 900 altempls lo
mainlain an acceptable distribution of bandwidth within a
subband ta reduce the need for reatlocation of payload chan-
nels within the subband. Further, the goal is to allocate chan-
nels appropdately across the 6 Mz transmission channel to
avoid having to reallocale channels that are currently inuse. A
channel can be allocated to an ISU only [rom the available
cliannels in the subband 1o which (he ISU is assigned.

Channcl manager 900 receives a request for allocation of a
payload channel [rom either the SCNU 58 or CTSU 54, At
biock 912, channel manager 990 decides whether sufficient
payload channels are available in the corrent subband te fulfill
the request, If sufficient channcls arc available, the method
proceeds to block 914 and determines whether one of the
available channels is the TDL, charnel. If the IDL channet is
not one of the available channels, channel manager 900 allo-
cates a channel for each channcl requested by CTSU 54 or
SCNIT 58 at blocks 916 and 918. Channel manager 900
selects the channels based on several eriteria that increase the
likelihood of achieving a connection with aceeptable quality
levels. For example, channe] manager 908 can nse (he method
shown in FIG. é1. According fo this method, channe! man-
aper 900 begins the selection process 61040 by identifying
available payload clianuels 6102 that are located toward the
cenier of the 6 MHz transmission channcl. Typically, chan-
nels that are nearer to the edge of the 6 MHz channel exhibit
higher bit error rates than (he channels thal arc closer to the
center, Furiher, chanme! manager #08 can also consider limi-
tations of the ISU and the requested scrvice in selecting a
payload channel. For example, the ISU may be preset [or use
only with odd or even payload channels. This information
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may be included in a ROM on the TISU and provided to the
channel manager when channel altocation is requested or
duning acquisition. Further, channel manager 990 uses data
on the qualily of ransmissions over the identi fied channels
stored i tables in channe! manager MW 1o determine which
available payload channels have an acceptable error history
6104, for example, bit error ate. Other appropriate criteria
ican be used in channel selection that also tend to increase the
chances of prodocing a connection with acceptable quality
6104. Based on these criteria, channel manager sclects a
payload channel to allocate 10 the ISU 6106.

If, at block 914, channel manager 900 determincs that onc
ofthe available chanuels is the 1DL channel, channel manager
900 dealocates the payload channel allocated 1o be the IDL
channel at biocks 920 and 922 due to the lower priority of
communicaiions over the IDL channel,

Tf, at hlack 912, channel manager 900 determines that
sufficient payload channels are not avaitable in the current
subband, channel manager 908 detcrmines whether the
request is for an FIISU 68 or an MISTT 66 at biock 924. I the
request is for an MISU 66, channel manager 900 sends a
message Lo the requestor that the request has failed at block
926.

1, at block 924, channel manager delermincs (hat the
request is Tor an HISU, then channel maager 900 selects a
different subband at block 928 by weighing (he criteria as
described above with respect to selecting a subband. Channel
manager 900 furher marks the chanoels unavailable in the
new subband at block 930 and deatlocates channels allocated
to the I8U in the prior subband at block $32. At block 934,
chamncl manager 900 assigns the new subband and proceeds
to allocate channels as necessary at blocks 916 and 918,

An example of reassigning an ISU to a new sobhand to
accommodale a request for a payload channel is shown in
FIGS. 86 and 67. In this example, ISUs A, BB, C, and D are
mitially assipmed to subband 4 and ISUs E, F, and G are
assigned (o subband 17 as depicled in FIG. 66. Tn sukband 4,
all payload chaunels except payload channel 0 arc allocated.
In this case, channel manager 900 receives a request lor two
payload channels for TSU C. Since only one payload channel
is available, channel manaper %00 reassigns ISU C 1o subband
17 which has sufficient payload channels avaijlabie to handle
the current load of TS1F C plus the additional two payload
channels as shown in FIG. 67,

Channel Reatlocation

Chaime! monitoring and allocation or reallocation hased
therean may be used to avoid ingress. External variables can
adversely affect the quality of a given channcl. These vari-
ables are numerous, and can oge om clectromagnetic
interference to a physical hreak in an optical fiber. A physical
hreak in an optical fiber severs the communication link and
cannol be avoided by swilching channcls, however, a channel
which is electrically interfered with can he avoided until the
mterference is gone. Aller the inlerference is gone the channel
could be used again. :

Channel Mﬂnjtoring.

Channel monitor 900 monitors the payload channels for
errors to lelp in determining which channels are acceplable
for transmission for specific services. One japut fo channel
manager 900 is parity errors which are available from hard-
ware per the [2804 channels; the DS(+ channels being 10-bit
channels wilh one of the bits having a parity or data integrity
bit inserled in the channel as previously discussed, The parity
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error information on a particular channel is used as raw data
which is sampled and integrated over time to arrive al a
quality status for that channel. In one embodiment, parity
errors that are detected on downstrean payload channels are
conunnnicated to head end 32 over an assoviated vpstream
channel. When the error is detected in U downstream trans-
mission, the parity bil for {he vpstream irensmission is cor-
rupted by intentionally setting the parity bit to (he wrong
value lo indicate the incorrect parity inthe downstream trans-
mission path. Thus, the 18U informs the head end ol errors in
the downstream path.

To monitor ihe payload channels, channel munager 900
needs an aclive upsircam signal on each payload chanuei.
Iowever, af any given time, some payload channels may not
be allocaled and some allocated chanuels may not be active.
‘thus, these payload channels do not provide the necessary
upstream signals to the head end to monitor the quality of the
payload channels. To compensate for these idle and unallo-
cated payload channels, channe! manager 900 placcs these
channeds in Joop back mode to monitor the quality. In this
case, channel manager 900 sels up the payload channel, irans-
mits data to the IS on the payload channel and he ISU
ransmils back specified data an an associated upstream pay-
load channci. Channel manager 900 monitors these channels
at the head end to delermine ermor ates Tor the channels. Thus,
the unallocated or idle payload channe! can be monitored for
errors the same as with active channels. The goal of channcl
manager 900 is to have payload established on all of the
puyload channels a1 a given time, However, it may be accept-
abie to monitor the performance of cach channet at least once
an hour if not active,

Chamel manager 900 randomly selects and uses ISUs o
manitor payload channels inloopback mode described above.
This provides several benefits to the syslem. First, this allows
channc} manager to handie the diverse layout ola cable plant.
Channe! manager 90 seis up and vses paths over diflerent
legs from the various ODNs ol the system. Further, random
cycling of the I8Us wsed in the loop back mode allows the
system to propetly distribute power in the coaxial network.
Specifically, this random selection of TSUs for loopback
muode applies fo concentration fype services,

As described below, some ISUs are powcred down when
not active. When the 1SU is powered down, the npstream
modem al the head end detects this condition and sends a
specified sigpal to the CXMC so (hal channcl manager does
not use the ISU for loop back purposes. Thus, powered down
18t]s do not produce unnecessary £rrors.

FIG, 68 is a How chart that illustrates a method Jor moni-
toring payload channels by channel manager %91, Channel
nanager 900 reads parity error registers 201 of (he CXMU 56
are read every 10 ms. Generally, the error counis are used fo
update the channel quality database and determine which (if
any) channels require realiocation. The database of channel
manager 990 contains an ongoing record of cachchanne} %43,
An accumulator sums the errors 905 with previously recorded
errors to update the database. The database organivzes the
history of the channels in catcgorics such as: current ISTJ
assigned to the channel, starl of monitoring, end of monitor-
g, total error, errors in last day, in last week, number of
seconds since last error, severe ermurs in fast day, in lust week,
and currenl service (ype, such as ISDN, assigned to the chan-
nel. When the channel is a regular {non-loop back) payload
chaime! 907, channel manager 900 determines whelher the
perlonnance statistics in the dambase are within service spe-
cific threshold 909. When the statistics npacceplably exceed
the thresheld 910, channel manager 900 reallocates the chan-
ned 11 using a “mzke before break™ procedure to reduce the
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disruption from reallocating the channel, Thus, channel man-
ager $00 allocates the new payload chaunel Ior the connection
before dealiocating the current payioad channel,

Two issues presenled by peniodic parity monitorng as
described above must be addressed in order to estimate the bit
error rate corresponding to the observed count of parity emors
in a monitoring perind to determine if a channet is comrupled.
The first is the natore of parily isell. Accopted practice for
data lonnats using block crror detection assumes that an
crrared block represenis onc bit of error, cven thongh the emror
actvally represents a large number of data bits. Duc to the
nalure of the dala transport system, errors injecied into modo-
lated data are expected ta randomize the data. This means that
the average crrored frame will consist ol four {4) errored data
bits (excluding the rinth hit). Since parity detects only odd bit
errors, half of all errored frames are not detected by parity.
Therefore, each parity {frame} error induced by trunsporl
urterference represents an averape of 8 (data) bits of crror.
Second, cach moniforing parity crror represents 80 frames of
data (30 1ms/125 px). Since the parity error is latched, all errors
will be detected, but multiple crrors will be defected as one
enor.

The bit error rale (BER) used as a basis for determining,
when to reallocate a channel has been chosen as 1072, There-
fore, (he aceeptable mumber of parity errors in a one second
interval that do not exceed 10~ must be determined. To estab-
lish the acceptable parity errors, the probazble number of
frame errors represented by each ohserved (monitored) parily
error must be predicted. Given the number of monilored
parity errors, the probable nomber of frame errors per moni-
fored parity crror, and the number of bit crrors represented by

a frame (parity) error, a probable bit error rate can he derived. -

A statisiical technique is used and the fellowing assump-
tions arc madc:

1. Errors have a Poisson distribution, and

2. I the number of monitored parity ermors is small (<10)
with respect to the total number of “samples™ (100), the
mounitored parity ermor rate (MPER] reiflects the mean
[rame ermor raie (FER).

Sincea monilored parity error (MPE) represents 80 frames,
assumption 2 implies that the mamber of frame errors (FEs)
“hehind™ each: parity error is equat fo 80 MPER. ‘That is, for
100 parity samples at 10 ms per sample, the mean number of
[rume errors per parity error is equal lo 0.8 times the count of

MPEs in one second. For example, it 3 MPEs are obsarved in -

a one second peried, the mean number of FEs lor cach MPE
is 2.4. Multiplying the desired bit error rate times the sample
size and dividing by the bil ermors per freme crror yiclds the
equivalent number of frame errars in the sample. The mumber
of FEs is alse equaj o the product of the number of MPEs and
the number of Fes per MPE. Given the desired BER, a solu-
tion set is lustmied below in Bquation 3.

(MPEMF—;:‘:E) =0.8 MPE

(Equation 3}

The Poisson distribution, as Hlusiraled below in Equation
4, is used # compute the probability of a given number o FHs
represented by a MD'E (), and assnmption 2, above, is used to
arrive at the mean number of FEs per MPE (p).
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Since the desired bil error rafe 1s a meximum, the Poisson
equation is applied successively with values for i of G up to
the maximom noniber. The sum of these probabilities is the
probabhility thai no more than % frame errors occurred for cach
mobjtored parity error. The results [or a bit emmor rate of 1072
and bit errors per frame crror 01’1 and 8 are shown in Teble 11.

TABLE 11
13il Error Rate Probability
Bit
Eirors
per Monitored Maxinwm Frame  Average Frame Proba-
Frame Parity  Errors/Monitored EmonvMoailored  bility of
Error Erross Pasity Trror ) Parily Eoor (u) BER <-1073F
8 2 4 16 O8R4
3 3 24 8%
4 2 32 38%
g ) 6.4 8%
9 7 1.2 5%
H} 7 &0 45%

Using this (echnique, 2 value of 4 monitored parity emors
detected during 2 one second integration was determined as
ihe threshold te zeallocate service of an IST ta a new channel.
This resultis arrived at hy assuming a wors1 casc of & bit crrors
per frame error, but a probability of only 38% that thc bit error
rateis better than 1072, The product of the bit errors per frame,
monitored parity crrors and maximum frame errors per moni-
tored parity error must be 64, for a bit error rate of 1072 (64
errors in 64 k bits). Therelore, when the sampling of the purity
errors in the error limer event is four or greater, the channc]
allocator is notified of a corrupted channel.

D30 Reordering,

Some telecommunications services nse multiple DS0s
{(payload channels} to forn 2 communication tink in conumu-
nication system 10. For cxample, ISDN uses three DS0s to
form three payload channels identified namely as B1, B2, and
). To operate properly, the 1380s typically are assigned in a
specific sequence. Once the payload channels for the service
are assigned, the channel unit associated with the service
expecls 1o receive the payload channels in a specific onder.
‘When one of the payload channels becomes corrupted, chan-
nel manager $00 allocates a different DSO chaonel for the
corrupted channel and the sequence of the DSOs is alicred.

This problem could he avoided by reallocating all tlirce
DS0s. However, this is a time consuming process and could
cavse transient disraption of (he servicé. AS an altérnaive,
channel manager 900 can assign an address (o the DS0s when
the muitiple DSO scrvice is iniliated. This address can be used
by (e channel unit to reconstouct the order of the DS0s on the
fly if onc or more ol the DS0s is reallocated out of sequence
with the other DS0s. For example, in the channel enable
signal from CXMU 56 on the TOC channel, 2 BIC state signal
cun be used fo identify the correct order for each DSQ. Thus,
channet manager 900 can allocate the IDS0s in 2ny order ad
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the channel nnit can remap the NS0s to the correct order at the
IS5 Tt is noted than the DSOs must still be allocated in dif-
ferent ime slots.

ISt Data Link (IT.) Chaonet

The TDL. is a standard payload channel that is dyramicatly
assigned to transmit control data hetween HDT 12 and 15U
100 when the amoun! ol daia exceeds (he parameters of the
lower bandwidih JOC channel. The DL channel can provide
Tull duplex communication or simplex broadcast from HDT
12 1o onc or more ISUs 100. Channel manager 900 dynami-
cally allocales he IDL channel as needed for non-time criti-
cal transport of data as described above.

The IDL messages in both directions are variable in length,
“The IDL data is transmitted over HFC distribution network 11
af a mic of 64 Kbps which is one byte per 8 kilz framc. The
IDL channel uses one of the 240 payload channels and ihe
protoco! for trapsmifting IDL messages is handled by the
processar ont CXMUF 56. The processor uses cyelical redun-
dancy codes (CRC) and positive acknowledgments to man-
age error checking of TDI. messages.

The IDL channel can be used to transmit various kinds of
data For example, the IDL channel can be used to provide
data to an IS1J to configure a paytoad chanve} for use with a
speeilic prolocol. For example, the IDL chamzcl can be used
1o down load data Lo conligurce a payload channel for use with
he: LAL'B protocal or any other appropriate prolocel, includ-
ing proprictary protocols. Similarly, the IDL channel ean be
used to download software to an ISU. Transmission over the
iDL channel has a lower priority than regular payload trans-
missions. Thus, channel manager 900 dewllocales an [DL
channel hefore completion of the data transmission when
channel mapaper 96{ receives a request that requires use of
the payload channei that is currently allocated to the 1DL.

FIG. 69 is a How chart that illustrates an embodiment of a
method for allocating a paytoad channe} to the 15U Gaia link.
At block 330a, channe! manager 900 receives a request for an
iDL channel. At block 3324, chamnel manager 960 deter-
mines whether a payload channel is avuilable. Tf a payload
channel is available, channel manager 900 allocates the pay-
load channel to the T channel 335 and the data is transmil-
fed to the identified ISU. If, however, a channcl is nol avaii-
able, channel manager determines whether one of the
allocated channels is idle by checking the hook state of 2 Tine
of a channel unit 342, If the line is on hook 339, then channel
manager 900 reallocates the channel to the TDT, channel 343
until the IDL transmission is complete. I however, channel
manager receives @ request or 2 commuaication link 1o the
line of the channel unil, channel manager interrupts the IDEL
channel and reallocates the payload channel to the channel
it

Power Down

Channel manager 904 can power down an 15U dudng
periods of non-use to reduce energy costs of communication
system 10. To power down the ISU, channel manager 900
mus! delermine that all condilions for powering down the iSU
are met. For example, channel manager 940 can detenmine if
the lines ol the channel units of the ISU provide service that
can be powered down. Such services may include, for
example, analog services such as 'OTS and COIN. Further,
the lines must be idle. For example, channel manager 90 can
detenmine il a Ime is idle based on the line’s hook siatus or
other appropriate criteria. Channel manager 909 checks the
status of the lines each time & line poes from uwil-hook to
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an-hook. Channel manager 900 further checks the status of
the }ines every second to monitor the hook status. It is noted,
however, that channel manager 200 will not power down an
ISU (hat is the monitoring 1517 for a subhand,

When channel manager 900 detenmines that an IS can be
powered down, the ISUs” transmitier is disabled, Head end 32
detects the loss of power to the 1SU and sends an idle patiern
vpstream to the switch. An [OC control message to or from
the JOC will power-up the ISU. The FOC traflic to or [rom the
ISU indicates to the background task in charge of powering,
down 15Us to check the ISU against the criteria for powering
down again.

Itis undersiond that the above description is intended to be
itlustrative, and not resirictive. Many other embodiments will
be apparent to those of skili in (he arl upon reviewing fhe
above deseription. The scope of the invention shounld, there-
tore, be delermined with reference fo the appended claims,
along witl the full scope ol equivalents to which such claims
are enlilled

Further Embodiment of Telephony Transport System

With reference to FIG. 116, a geperal descriplion of a
hiybrid fiber/coax commumicalions network 1006 in accor-
dance with (he present invention shall be descnbed. Tele-
phony and video information from existing felephone and
video services generally shown by trunk line 1008 is received
by and processed by head end 1010, Head end 1010 includes
a phlumlity of host distribution ferminals (HIDYT) 1012 Jor
telephony duta interface and videa haost distribution terminal

- (VIIDT) 1014 lor video data interface. Host distribution ter-
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minals 1012 and VHNT 1014 include transmi tters and receiv-
ers for communicating, the video and telephony information
between (he video and telephony sipnal distdbution network
1006 in accordance with the presenl invention and the cxist-
ing telephony and video services as represented generally by
trusk line 1008.

The video information is oplically ransinitted downsiream
via optical fiber line 1017 fo splitter 3018 which splils the
opticat video signals for transmission on a plurality of optical
fibers 1022 to a plurality ol opticat distribufion nodes 1026.
TheTTDT 1012 (ransmits optical tefephony signals via optical
fiber link 1028 to the optical distribution nodes 1026, The
optical distribution nodes 1026 convert the optical video sig-
nals and telephony signals for transmission as electrical out-
puts vig a coaxial disttibution system 1007 to a pinmlity of
remote units 1042, The elecirical downstream video and tele-
phony signals are disiributed via a plurality of coaxial lines
1029 and coaxial taps 1034 of he coaxial distribution system
1097,

The remote umis 1042 inchide means for tmnsmiting
upstream electrical data signals inchuding telephony informa-
tion from telephancs 1076 and dala terminals 1973 and in
addilion may include means for transmikting set top box infor-
maltion from sel top boxes 1078, The upstream electnical data
signals are provided by a plurality of remote units 1042 to an
optical distribution node 1026 connecied thereio. The optical
distibution node 1026 converls the upstream elecirical data
signals to an upstream optical data signal for lransmission via
optical (ber link 1020 to the head end 1010.

The present invention shall now be described in further
detai] with reference to FIGS. 116-123. The first part of the
descriplion shall primarily deal with downstream transmis-
sion and the second parl of the description shall primarily be
with repard to upstrcam transmission. The video and lele-
phony distribution network 1006 in accordance with the
presenl invention, includes head epd 10180 which receives
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video and telephony information [rom video and tetephony
service providers via trunk line 1008, Head end 1610 includes
a plurality of host distribution terminals 1012 and a video host
disiribution terminal 1014. The IIDT 1012 includes transmit-
ters and receivers for communicating telephony inflommation,
such as T1, [SDN, or other data services information, to and
[rom telephony service providers via trunk fine 1008 and Lhe
VIDT 1014 includes transmiHers and receivers for connmu-
nicating viden information, such as cable TV video informa-
tion and interactive data of sabseribers 10 and [rom video
service providers via trunk line 1008.

The VHIDT 1014 transmits downstream optical signals to a
splitter 1018 via video feeder optical fiber line 1017. The
passive aptical splitter 1018 effectively makes four copies of
the downstream high bandwidth optical video signals. The
dupticated downsiream oplical video signals are distributed
to the correspondingly connected eptical distnbotion nodes
1026, One skilled in the art will readily recognize that
although four copies ol the downsircam vidco signals are
created, thal any number of copies may be made by an appro-
prale splitler and that (he present invention is not limited to
any specilic number.

The splitter 1018 is a passive means for splilting broad
band optical signals without the need to employ expensive
broad band optical to electrical conversion hardwarce. Oplical
signal splitters are commonly known ta one skiled n the art
and available from numerous fiber opiic componen! manu-
facturers such as Gould, Inc. In the alternative, active splitters
may also beutilized. In addition, a cascaded chain of passive

or active splifiers would further multiply the number of dupli-

cated optical signais for application to an additional number
of optical distribution nodes and therefore increase further the
remofe unils serviceable by a single head end. Soch altcria-
fives arc conlemplaied in accordance with the present inven-
tion as deseribed by the accompanying claims.

The VHIYT 1014 can be kocated in a central ollice, cable
TV head end, or 4 remote site and broadeast up lo about 112
NTSC channels. The VHDT 1914 includes a (musmission
system like that of the LITEAMID’ system availsble [rom
American Lightwave Systems, Tnc., currently a subsidiary of
the assignee hereof, Video signals are transmitted opticaily by
amplitude modulation of a 1300 nm lascr source at the same
trequency at which the signals are received {that is, the aptical
transmission is a teraheriz optical carrier which is modulated
wilh the RT video signals). The downstream video transmis-
sion bandwidthis about 54-725 MI Iz, One advantage in using,
the same [requency for optical transmission of the video
signal ag the frequency of the video signals when received is
to provide high bandwidth transmission with reduced conver-
sion expense. This same-frequency fransmission approach
means that the modulation downstream requires oplical to
electrical conversion or proporticnal conversion with & pho-
todiode and perhaps amplification, but no frequency conver-
sion. In addition, there is no sample dala bandwidth reduction
and litlle foss of resolution.

Alternative embodiments of the VHIYT may employ other
modulation and mixing schemes or fechniques to shift the
video signals in frequency, snd olher cocoding methods to,
transmit the information in a coded formal. Such (echniques
and schemes (or transmitling analoy video datg, in addition io
those transmitting dipital videc data, are known to one skilled
in the art and are contemplated in accordance with (e spiril
and scopc of the present inveniion as described in the accom-
panying claims.

Telephony information is transmitted downstream by HD'T
1012 via oplical fber link 1020 o a corresponding optical
distribution node 1026. A more detziled block diagram of one
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of the HDTs 1012 is shown in FIG, 117. Each HDT 1912
includes an RF modem hank 1050 which receives telephony
information via (rurk }ine 1008. The RF modem bhank 1950
includes four RF modem meodules 1052 and a protection
modem module 1054, Each RF modem module receives tele-
phony information, for example time division muitiplexcd
channel signats [rom a public switched telephone service, via
trunk line 1088 and the telephony information modufates an
anmalog carrier for transmission of the downstream optical
lelephony data by downstream aptical telephony transmitter
1080 of downsircam ielephony elecirical to optical converter
1064 1o a comesponding distribution node 1026. Fach RF
modem module includes a transceiver 1033 and provides a
downstream electrical telephomy signal in onc of four fre-
quency bandwidihs, each bandwidth being about 6 MHz in
width like that of a CATV channel. Each 6 MHz bandwidth
channel transmits data at 22 Mbits/sec and can provide for
ransmission of 8T1 digital (clephone signals; T1 being a
conventional tclephone signal where 24 voice channels are
sampled at an 8 kFz rale, with 8 bits per sample (each 8 bit
conversalion sample is termed a DS0). Each of these sipnals
from the four RF modem modules 1052 are transmitted via
coax palch cables to a combiner 1082 of downsircam tele-
phony electrical fo optical comverter 1064 for transmission by
opticat transmitter 1089, Therefore, the spectrum for the
downstremn opticat telephony data is four scparated 6 MITz
frequency bands containing 22 Mbits/sec of data within each
6 MHz bandwidth. The four 6 MHz [requency bands, scpa-
rated by a guard band as is known to onc skilled in the arl, are
transmitted in aboul the 725-800 MHz baudwidil

Any number of modulation technigues may be used lor
transmission of the telephony inlormation downstream. The
transmission downs{ream is point to multipoint transmission
using hroadcast type transmission schemes. The modulation
techniques viilized and performed by RF modem module
1052 may include quadrature phase shift keying (QISK),
quadrature amplitude modulation (QAM), or other moduta-
tion techniques for providing the desired data rate. Modula-
tion techniques, such as QPSK and QAM, are known to those
skilled in the art and the presenl invenlion conteniplates the
use of any such modulation techniques for downstream
braadeast ransmission.

_ The electrical to optical converter 1064 includes two Lrans-
mitters 1080 for downstream (elephony lunsmission lo pro-
tect the telephony dats framsmitted. These transmitiers are
corventional and relatively inexpensive narrow band laser
ransmiliers. One transmitter is in standby if the other i3
funclicning properly. Upon detection of a fault in the operat-
ing trensmitler, controller 1060 switches iransmission to the
slandby lransmitter. In contrast, ithe iransmitter of the VHDT
1014 is relutively expensive as compared to the transmitters
of HDT 1012 as it is a broad band analog DFB laser trans-
mitter. Therefore, protection ol the video informalion, non-
essential scrvices unlike telephony data, is left unprotected.
By splitting the telephony data transmission from the video
data transmission, pmtection for the telephony data alone can
be achieved. If the video data information znd the telephony
data were transmiitted over une optical fiber line by an expen-
sive broad band analog laser, economies may dictate that
protection for iclephony services may not be possible, There-
fore, sepuration of such transmission is of importance.

As an alternative embadiment for providing transmission
of aptical video and telephony signals {o (he optical disiribu-
tion nodes 1027 from head end 1010 as shown in FIG. 120, the
HDT 1812 apd VHDT 1014 can utilize the same ophical
transmitter and the same opfical fiber line 1016. The signal
then is split by spiitier 1018 and lour splil signals are provided
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to the optical distribution nedes 1027 for distribution to the
remoate units 1042 by the coaxial distribution system 1007 as
further discussed below. However, as described above, the
optical transmitter utilized would be refatively cxpensive duc
to its broad band capabilities, lessening the probabilities ol
being able to afford protection for essential telephony ser-
vices.

" Asoneskiliedin the art will recognize, optical ink 1020, as
shown in FIG. 117, may include [our [ibers, two for transmis-
sion downstrcam from clectrical to optical converter 1064 and
two for transmission upstream to optical to elecirical con-
verler 1066, With the use of directional couplers, the numnber
of such fikers may be cut in half. In addition, the number of
protection ransmitiers and fibers utilized may vary as known
to onc skillcd in (he arl and any listed number is not limiting,
ta (he present invention as described in (he sccompanying
claims.

RF modem bank 1050 includes a protection RF modem
macuie 1054 with a transceiver 1053 counecled to combiner
1082 ol elecincal to optical converier 1064. Protection RF
madem module 1054 is further coupled to controlier 1060.
When a fanlt is detected with regard ta (ke transmission ol one
of the RF modem modules 1052, a signal is penerated and
applied to an input 1062 of controtler 1060, Controller 1060
is alerted to the Tault and provides appropriate signaling to
switch the protection RF medem module 1954 far the faulted
RF maodem such that the protection RF modem module 1054
fransmits wilhin (he 6 MHyz bandwidth of the faulted RE
modem modide 052 so Lthat the four 6 MHz bandwidth signal
transmission is continved on optical fiber link 1020. The use
of cne protection RF modem madule 1054 for four RF
modemn modules 1052 is only one embodiment of the present
invention and the number of profection RF modem modules
relative o RF modem modules may vary as known to one
skilled in the art and described in the accompanying claims.
As shown in FIG, 123, RF modem bank 1050 may include
ane protection module 1054 for each RF modem module
1052. In this cinbodiment, the RF modem bank 1959 includes
three F modem modules 1052 and three protection modules
1054 for one-io-one prolection.

An optical distribulion node 1026 as shown in FIG. 118
receives both the downstream oplical telephony signal and the
split downstream optical video signal. The downstream opéi-
el video signal i applied by the optical fiber 1022 from
splitter 1018 to a downstream video receiver 1120 ol oplical
distribution node 1626, The optical distribution node 1026
further includes dewnstream telephony receiver 1121 for
receiving the downstream optical telephony sipnal on optical
link 10120. The oplical viden receiver 1120 utilized is like that

available in (he LITEAMP product line. The converted signal 3

from video receiver 1120, proportionally converted utiliziag
photodiedes, is applied to bridger amplifier 1127 along with
the converted (elephony signal from downstream telephony
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receiver 1121, The bridging amplifier 1127 simultancously -

applies Toor downstream electrical telephony and video sig-
nals to diplex filters 1134. The diplex filters 1134 allow lor
fuli duplex operation by separating, the transmil and reccive
functions when sippals of rwo different requency band-
widths are utilized for upstream and downsiream transmis-
sion. There is no frequency conversion performed st the opli-
cal dis{ribution nodes with respeet to the video or downsiream
lclephony signals as the sipnals are passed through the optical
distribution nodes 1o the remole unils via the coaxial distri-
bution sysiem in the same frequency bandwidth as they are
received.

After theoptical distrrbution nede 1026 has received down-
stream opticut video signals viu oplical link 1022 and down-
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siream oplicaf telephony signals via aptical fink 1020 and
such signals are converled to downstream eloctrical video and
telephony signals, the four outputs of the optical distribution
nodes F026 are applied to four coaxial cables 1029 of coaxial
cable distibution system 1007 for transmission of the down-
stream electricsl video and telephony signals to the ranote
nmits 1042; such transmission occurs in about the 725-800
MIiz bundwidth for telephony signals and about the 54-725
MHz bandwidth for the downsizeam clectrical video signals.,
Each aptical distribution node 1026 provides for the trans-
nission over a plurality of coaxial cables 1029 and any num-
ber of outpuis is contemnplated in accordance with the present
invention as described in the accompanying clsims,

As shown inFIG. 116, cach coaxial cable 1029 can provide
a sipnificant number of remote unils with downsircam elec-
trical video and telephony sigmals through a plurality of
coaxial taps 1034, Coaxial laps are commonly known 1o one
skilled in the art and acl as passive bidirectional pick-offs of
clectrical signals. Bach coaxial cable 1029 aay have a num-
ber of coaxial laps connected in series. [n addition, the coaxial
cable distnbution systermn may use any number of ampli fiers to
exlend the distance data can be sent over the coaxial portions
of the netwark 1006.

The downstream electrical video and telephony signals are
provided from the coaxial taps to the remote units 1042 in a
number of different ways. In one embodiment, (he sipnal
from the coaxial tap 1034 is provided to a home integrated
service unit 170 as shown n FIG. 119, The hone integrated
service unit 170 of F1G. 119 includes a power lap 1099 -
coupled to a conventional power supply and ring generator
1101. The downstream eleclrical video and telephony signals
are provided to a tap 1097 for application of the sigmals (o both
diplex [ilter 1110 and ingress filter 1098. The downstream
video signal is provided from inpress filter 1098 to video
equipment 1072 via set top box 1078. The downstream tele-
phony sigmal is applied from diplex filter 1110 to RF demedo-
lator 1104 of RF modens module 1182 and the demodulated
signal is applied tc an applicable service interface for pro-
cessing and conunection to user equipment. For example, the.
RF demodutated signal is processed via Plain Old Telephone
Service (POTS) service interface 1112 for outpul on 1wisted
pairs 1118 to iclephone 1076 by POTS cobnection 1114, The
other service interfaces such as ISDN interface or 3 T1 inter-
face perform their conventional [unciions as are known 1o
those skilled in the art for transmitial of such information on
outputs thereol 1o user equipment.

Ingress flter 1098 provides the remote unit 1042 with
protection appinst interference of signals applied to the video
equipment 1072 as opposed to those provided 1o other user
equipment such as telephones or compuicr lerminals. Filter
1098 passes the video sipnals; however, it blocks those fre-
quencies not uiitized by the video equipment. By blocking
those frequencies not used by (he video equipment, stray
signals are climinated that may interfere with the olher ser-
vices provided by the neiwork to at least the same remiote unit.
The sel lop box 1078 is an optional element in the network
1006. It may include an additional modem for sending, inter-
active data (herefrom back o head end 1010 at frequencies.
wnused by the video and telephony tmnsmissiops, Upstream
lransmission of such data is further discussed below,

Depending on the modulation processing techniques uti-
lized at the head end 1818, the RF demncdutator 1104 wonld
include circuitry capable of demodulating the modulated sig-
nai. For example, if QPSK modulation is ulilized then the
demodulstor would include processing circuitry capable of
demodulating a QPSK modulated waveform as is known lo
one skilied in the art.
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In snother embodiment of providing downstream electrical
video and telephony signals from the coaxial faps 1634 10
remote vnits 1842, as shawn in F1G. 116, a separate coaxial
line from coaxial tap 1034 is utilized 1o provide transmission
of the signals therefrom to se{ top box 1078, and (s {or
providing the downstream video signals to video equipment
unit 1072, In such a case, a second coaxial line from coaxial
Lap 1934 would be utilized 1o provide the downstream tele-
phony signals fo a multiple infeprated service unit (MISU)
1044 which would be much like the home inlegrated scrvice
unit 1070 as described with regard to [1G. 119 except lacking
an ingress Hilter 1098 and 1ap 1697, Unlike home integrated
service unit 1070, the MISU 1044 would be uiitized to service
several remote units 1042 with telephony services via vatious
service interfaces, Whether the video and telephony signals
are provided lo Lhe curb with use of the MISU 1044 or
whether the video and telephony sipnals are provided directly
10 a home integrated service unit is strictly one of application
and cither can be utilized with regard to the same or different
coaxial taps 1034 and within the same or different coaxial
distribution systems 1007.

In sddition, an optional network interface device (NID)
1075 is utilized in the connection of telephone services to the
remote vnits 1042, whether they are homes or busincsses, as
18 known o those skifled in the art and as shown in FIG, 116,
The NID is penerally showsn by block 1070 represenling the
home integrated service unit but is not shown in the detail of
FIG. 11%. The NID performs service functions for the tele-
phone service provider such as loopmg back signals to the
scrvice provider that reach (he NID so as to indicate whether
a failurc has occurred somewhere in transmission to the NID
or in connections from the NI to the user eqmpment when a
Tailure is reported (o the service provider.

The above description primarily imvolves the downstream
iransmission of video and telephony information from head
end 1016 to remote units 1042, The upstream transmission of
interactive dats [rom sel (op boxes 1078 and other data, for
example telephony from telephones 1076, shali now be
described with reference to FIGS. 116-123. The description
shall he limited to transmission from remote units via home
integrated service uuits as transmission from an MISU is
substantially similar and casily ascertainable from such
description. Home integrated service unit 1074 provides set
top box information from set top box 1078 and telephony
information from the service interfaces 1112, including infor-
malion [rom (elephone 1076, to the optical distribution node
1026 connected thereto by he sune coaxial path as for the
downsiream communication. The scl top box signals are
transmitied by a separate RF modem of (he video service
provider at a relatively Jow frequency in the bandwidlh of
about 5 to 40 MHz which is unused by telephany and video
services. The telephony sipnals are also transmified upstream
inthe 5-40 MHz bandwidth, usually from 10 MHz 10 30 MITz.
This 5-40 MITzbandwidth is reused in each coaxial path 1024
from cach remote unit 1042 to the respectively connected
optical distribulion node 1626. As such, upstream electrical
telephony data signals from the remote units are transmitted
at the same reused [requency bandwidth of 5-40 MHz on each
coaxial line 1029 for input 10 the oplical distribution node
1024. ‘Therelore, s shown in FIG. 118, four upstream elec-
trical telephony signals, each in the 5-40 MIT: bandwidth, arc
input to optical distribution node 1026, via the respectively
connccted coaxial cables 1029,

The upstream fransmissien from an integrated service unit
for multipoint to point transmission vlilizes lime multiplex-
ing techniques, allkough any of a nupiber of multiple access
{echniques known lo (hose skilled in the art are contemplated
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in accordance with the present inveation. All the remote units
are designated a time slot for transmission. In such & case cach
remote unit must transmil af 2 parlicular lime {o maintain
multiple access with the timing being supplied using data on
the downslream paths. The upstream data is transmitied on a
bif-by-bit hasis. Wilh each remotc unit assigned a time slot,
the RF modem 1102 of the vnit knows thai it will not interfere
with the olhers because i1 hus delermined the time delay for
cach one of them and each RF modem 1102 is signaled 1o
transmit af a precise lime. Pue to the high volumes of mult-
plexed serial data [rom several outlining remole slations and
limited bandwidth for tmnsmission, shor pulse durations are
required {or betler resotution of the data transmilted to the
head end 1010. Although the data modulates a carmier and is
transmilied in the 5 to 40 MHz bandwidth by RF modulator
1108, because ofthe limited bandwidth in tie upstream direc-
fion, a pulse shaping network at each remate unit is vsed o
gunerite raised cosine pulses for the rectanpular or squarc
wave bit-by-bit stream ol data transnitted along the coaxial
cable in the coaxial network.

An optimnal pulse shupe for transmission in # band limited
coaxial cable network is determined by the use of Fourier
calculations with a given set of bouudary conditions. Also, the
Fourict calculations implement a spectral limilalion con-
straint for the purposes of limiting the spectul conlent of the
optimal putse shape. Limiting the spectraj content ol the pulse
shape serves two Tunctions. The first function is to limit the
spectral chameteristics of the optimal pulse shape in order to
prevent phase dispersion at the receiving, end of the tromsmis-
sion system. The second benefit from the spectral mitation
constraint is to allow the usc of rclatively simple finite
impulse response filters with a minimal munber of taps.

In one embodiment of the pulse shaping network as shown
in FIG. 121, 50 nanosecoad pulses [rom the RF modulator
1108 of RF modem 1102 are transmitied lo a pulse sequencer
1301 for uniform digilization. The outpui fom the pulse
sequencer is then applivd fo & ten tapped [inile nnpulse
response filler {FIR fiter) 1302 with associated electronics
1303 to provide the addition and subtraction

necessary for the Aitering process. The output s sent to a
line driver circuit for output fo the coaxial cable through
diplex filter 1110, The optimal pulsc waveform is a raised
cosine waveform. Using such pulse shaping techniques, over-
comes the di Bienlty of sending extremely short pulse duration
information along a band Hmnited coaxial cable.

The upstream electrical telephony signals from a ploraiity
of remote units, including signals from (he R modems 1162
and from modems in set lop boxes 1078, arc irmsmitied to the
respectively comnected optical distribution node 1026 as
shown in FIG. 118 via the individual coaxial cables 1028. The
upstream clectrical signals are apphied to a diplex fllcr 1134
respeclively connected to a coaxial cable 1629, One of the
diplex filters 1134 passes the upstream electrical telephony
signal applied thereto through to combiner 1125 whije the
other diplex filters pass the upstream electrical telephony
signals applied thereto fo requency shilters 1128, 1130, and
1132, Frequency shilter 1128 shifls (e upstream electrical
telephony signal into the 50-85 MIiz bandwidth, frequency
shifter 1130 shills anolher upstream electrical telephony sig-
nal into the 100-135 MII« bandwidth :nd [requency shifier
1132 shills (he other upstream electrical telephony sipnal info
the $50-185 MIIz bandwidth. ‘The shifted signals are com-
bined by combiner 1125 and provided to upstream telephony
and set top control fransmitters 1123, The conventional opti-
cal fransmitlers 1123 transmit the upstream electrical tele-
phony signal as an upstream optical telephony signal to head
end 1010 via fiber optic link 1020, Once again, two tronsmil-
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icrs are avzilable for (ransmission, one in slandby mode, tike
that in the downstream transmission path.

The upstream optical felephony signals arc received by
ppsiream (elephony and settop box recciver 1084 of optical to
electrical converter block 1066. The upsiream optical tele-
phony signals arc converled, splil, and all the split electrical
sigoals in the 5-40 MHz, 50-85 MHz, 100-135 MIIz, and
150-185 MHz are frequency shilled back Lo the 5-40 MHz
bandwidth by frequency shifiers 1086, 1088, and 1090 with
the exception of the signal already in (he 5-40 MIIz band-
width which 15 passed through with the other frequency
shified signals from the frequency shifiers to RF swiich 1004,
A combined signal in the 5-40 MHz bandwidh from com-
biner 1092 is provided fo the VHDT and the signal is pro-
cessed for obhining the interactive information ramsmitled
from set top boxcs 1078. The R swiich 1094 is controlled by
controller 1060 and provides the upstream telephony signals
to the transceivers 1053 of the corresponding RY modems
1052, The npstream telephony signals are then demodujated
by RF modem modules 1052 and the telephony data is pro-
vided lo the service providers via trunk line 1008. The RF
modem modules 1052 include RT demodulator correspond-
ing to the moduiation techniques utilized to trmnsmil the inflor-
malion upstream so such information can be recovered.

As discussed previously, (he controller 1060 switches pro-
tection RF modem modnle 1054 for a transmitting RF modem
module 1052 in the downstream communication when a fault
is detected in that module. The controlier also provides sig-
naling for switching the RF switch 1094 such (hat the mfor-
nmation which would have been provided to the faulted RF
modem modulc 1052 is applied to the transceiver of the
protection RF modem n:odule 1054, Therefore, the pratec-
tion modem module 1054 is then fully within the transmitand
receive loop of the system.

As shown im FIG. 122, an allemnative embodiment of the
present invention includes an oplical Lo electrical converter
1066 wherein the received oplical upsiream telephony signal
is converted by receivers 1084 and the enlire upstream cloc-
Irical signal in (he 5-200 MHz bandwid(hs is applied to the
transceivers 1053 of the RF modem modules 1052. The RF
modem moduoles 1052 are then operated under control of
controller 1060 which assipns the RF madem module a car-
rier frequency 1o e fo for the recovery of telephony infor-
mation; the assigned frequency being a function of the [re-
quency shilling of the upstream signat, The electrical signal is
still separated and frequency shifted by frequency shifters
1086, 1088 and 1090 excepl for (he signal already in the 5-40
MII bandwidth and then combined by combiner 1092 for
application 'o VHDT 1014,

1n this embodiment, the switching of the protection modem
module 1054 into he syslem is accomplished through the
controfler 106¢. When the controller 1060 detects and indi-
cates & fanlted modem module 1052, the controller 1060
assigns the frequency previously assigned to the faulted RF
modem module to the protection module, thus establishing
the: proteclion BEF modem module 1354 fully within the trans-
mil and receive loop.

In another embodiment shown in FIG. 123 including one-
to-one proteclion for the RF modem module, neither the RF
swilch used [or prolection swilching for the configuration of
F1G5. 123 nor the additional control required lor profection
switching for the configuration of F1G. 122 is necessary. In
this emhodiment, the same electrical signal provided to the
RF modem modules 1052 is applied to the corresponding
protection module 1054, thus only a conim! signal indicating
which module is to be used for transmission or reception is
required for the one-to-one protection.

2

25

k¢

35

40

45

50

35

o0

65

126

What is claimed is:

1. A remote communication device for operation in a bidi-
rectional communicalion system, the device comprising:

at least one symbol mapper for mapping symbols using
quadrature amplitude modulation (QAM) symbol map-
ping and phase-shift keying (PSK) symbel mapping;

a [ast Fouder Transform (FFT) engine that receives a
frame of parallel data based onsymbaol data generaled by
the symbol mapper, the Fast Fourier Transform (FFT)
cngine generaling a frame of fime domain in-phase and
quadrature phasce dula from the symbol data generated
by (he symbol mapper;

at least onc converier generating an analog signal based on
the stream of time domain in-phase and quadmmre
phase dala;

a radio freguency transmiiter for lransmitling a radio fre-
quency signal hased on the analog signat; and

a processor, wherein the symbol mapper is responsive ta
the processor, and the processor controls synchroniza-
tion of symbo! timing and carrier Irequency of transmis-
stons from the radio frequency transmitter.

2. The remotc communication device of claim ¥, wherein
the radio frequency transmitter modulates a carrier frequency
with Lhc at least one analog signal.

3. The remolc communication device of ¢laim 1, further
comprising:

a buflr reeeiving symbols of both payload and control data

from the at feast one symbol mapper.

4. The remote comununication device of claim I, wherein
ihe at least one comverter comprises al least one digital to
analog converler (DAC) recciving (he fime demain in-phase
and quadrature phase data and generating at least one analog
sipnal based on the stream ol {ime domain in-phase and
quadrature phase data.

5. The remole communication device of claim ¥, wherein
the at least one symbol mapper comprises a binory phase-shifl
keying (BPSK) symbol mapper.

6. A remole communication device for a bi-directional
communication syslem, the device comprising:

a modem that inchrles:

a symbol mapper that produces at least one stream of
symbols;

a Fast Fovrer Transform (FFT) engine that receives a
frume ol paratle} data hased on symbaot data generated
by the symbol mapper, (he Fast Fourier Transform
{FFT) engine generating a frame of ime domain in-
phase and quadrature phase samples from fhe symbol
data generated by the symbol mapper;

al leasl one converter receiving the time domain in-phase
and quadrature phase samples and generating an ana-
log signal based on the time domain samples; and

an amplifier that amplifies Tor mansmission a radio fre-
quency carrier carrying the af least one analog signal;
and

a processor that synchronizes the lransimissions from the
ampiificr for combining with ather signals.

7. The remote communication device of claim 6, whercin

the processor adjusts symbol timing. o

&. The remole comununication desvice of claim 7, wherein
the processor adjusls Gunsmission charactenstics align sym-
bois received al & host unit within & guard interval.

9_A remole comminication device, the device comprising:

a symbol mapper that produces at least one stream of
symbols;

a Fast Fourier fransform {FFT) engine that receives a
frame of paralle] data based on symbol data generated by
the symbol mapper, the Fast Fourier Transform (FFT)
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engine generating a frame of Uime domain in-phase and
quadrature phase samples from fhe symbol dala gener-
ated hy the symbol mapper;

at least one converler recetving the (ime domain in-phase
and quadrahire phase samples and generaling an analog
signa! based on the time domain smnples; and

an amplifier that amplifies for transinission a radio frc-
quency carrier canying the at least one anslog signal;

a processor thal capses ransmissions from the amplifier ta
ke orthogonal when recejved at & multipoiut-to-point
host onit.

10. The remmote communication device of claim 9, [urther

comprising a buffer between the symbol mapper and the

128

inverse Fast Fourier Translorm engine, (he bufler receiving
symbol data produced by the symbof mapper and storing the
symbol data in parallel within 4 frame.

11. The remote comrmmication device of claim 9, wherein
the FFT cngine perfonns an inverse Fasl Fourier Transform
on the frame of paraliel data to produce the time domain
samplcs.

12. The remeie comnnmication device of ciann 9, wherein
(he processar cavses the fransmissions to be erthogonal wilh

10 respeet to other signals when received at the multipoint-to-

point host unit.



